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High School Three Course Model – Chemistry in the Earth System

Introduction

This course explains how chemical processes help drive the Earth system. Earth and space scientists require a strong background in the fundamentals of matter and chemistry in order to interpret processes that shape the Earth system. A raindrop falls through the air, interacting with the CO2 and becoming slightly acidic. Water that would have simply flowed through rock, if neutral, now reacts with the minerals in the rock and turns them into clay that will easily erode away. Ocean water reacts with volcanic rocks on the ocean bottom so that their physical properties change completely. When these rocks are dragged down into the Earth along plate boundaries, minerals that were once strong enough to withstand great forces now act as lubricants along this great plate boundary fault system. Heat generated deep within the Earth flows outward by conduction and convection, working to equalize the temperature difference between Earth’s interior and outer space. This expression of thermodynamics turns an otherwise dead planet into a hotbed of geologic activity plagued by volcanoes and earthquakes. In each case, an Earth or space scientist is studying the chemistry of the situation, perhaps using a computer model to fast forward millions of years of chemical reactions to explain what we see on Earth today. Alongside this scientist is a team of engineers, looking hoping to use this understanding to design and test solutions to many of society’s problems from natural hazards to global warming or to minimize our impact on the natural world.


Chemistry teachers may not have a strong Earth science background. While it is true that there may be details and historical background that are new, the physical processes are not. Everything in the world is made of matter and chemists study matter. In fact, Earth and space science applications are excellent motivations to the study of physical laws. Earth science can be a door into chemistry.


Even a chemistry teacher that is enthusiastic about this integration in principle may still feel apprehensive about teaching a course that deals with a discipline they may never have studied. Research on self-efficacy shows that a teacher that is not confident will not teach as effectively, often reverting to tasks with low cognitive demand rather than the rich three-dimensional learning expected by CA NGSS. Districts should be mindful and be sure to allocate resources to professional development and collaborative planning time so that teachers can learn from one another. No matter what resources are allocated, teachers will still have to choose how to react to the change. Science teachers, as a general rule, became science teachers because they love learning about science. Teachers can try to approach this course with an appreciation for the opportunity to learn about a new science alongside students. They can be beacons of curiosity and inquiry in their classrooms. A teacher asking questions and seeking answers is a much better role model than a teacher that appears to know everything.   
This section of the Science Framework is meant to be a guide for how to approach the teaching of a high school course that integrates ESS and PS PEs and is not meant to be an exhaustive list of what can be taught or how it should be taught. Teachers are free to address the PEs with chemistry and Earth and space science applications that interest them most and present these lessons in the order that makes the most logical and logistical sense to them.

Care was taken in designing this course so that it does not require a specific sequence with respect to the biology or chemistry courses and should be useful in helping course design regardless of sequence. As such, it lacks some of the rich interdisciplinary connections that are possible. As schools and districts adopt a specific sequence, they can take advantage of links to previous courses by making connections to this prior knowledge. 

Motivation for the Sequence of this Course

This is just one possible illustration of the way that Earth and space science integrates into a chemistry course. There are many possible storylines, though a rich integration of ESS applications does impact the sequence so that it probably needs to differ from the sequence teachers would use for teaching core ideas from physical science alone. The benefit is that the ESS concepts can help make the chemistry concepts relevant and exciting.


The decision for the focus and sequence of this example framework course is based on a specific storyline surrounding climate change. It begins with a tangible example of combustion and food calorimetry, and indeed the combustion of fossil fuels and release of heat, carbon dioxide, and water is a fundamental thread that ties together most of the sections of the course and ensures that chemistry concepts are able to be placed in the context of Earth’s systems. While many chemistry courses begin with the study of the atom, this course begins with macroscopic observations of a familiar phenomenon (combustion). The next unit zooms into the microscopic, but begins with simple interactions between particles to explain thermal energy and how it is exchanged within systems. Students then apply their understanding of heat flow to see its role in driving plate tectonics within the Earth system. Only after students are firmly thinking about matter as particles do they zoom in and look at the nature of the particles themselves by studying atoms and how their behaviors are categorized into the periodic table. Students are now equipped to model simple chemical reactions. They return to the combustion chemical reaction and consider the impact its reaction product, carbon dioxide, has on the global climate system. Students consider more advanced chemical reactions and then apply their understanding of chemical equilibrium to a very real problem of ocean acidification, which is also due to changes in carbon-dioxide concentrations in the atmosphere. In the end, students will have explored the fundamentals of chemistry and essential roles that these processes play in Earth’s solid geosphere, its liquid hydrosphere, and its gaseous atmosphere.
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Unit 1: Combustion
	Chemistry –Unit 1: Combustion

	Guiding Questions: 

· What is energy, how is it measured, and how does it flow within a system?

· What mechanisms allow us to utilize the energy of our foods and fuels?

	Science and Engineering Practices: 

· Asking questions

	Crosscutting concepts: 

· Systems and system models 

· Energy and matter 
· Scale, proportion and quantity 

	Students who demonstrate understanding can:


HS-PS1-3. Plan and conduct an investigation to gather evidence to compare the structure of substances at the bulk scale to infer the strength of electrical forces between particles. [Clarification Statement: Emphasis is on understanding the strengths of forces between particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of particles could include ions, atoms, molecules, and networked materials (such as graphite). Examples of bulk properties of substances could include the melting point and boiling point, vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include Raoult’s law calculations of vapor pressure.]
HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical reaction system depends upon the changes in total bond energy. [Clarification Statement: Emphasis is on the idea that a chemical reaction is a system that affects the energy change. Examples of models could include molecular-level drawings and diagrams of reactions, graphs showing the relative energies of reactants and products, and representations showing energy is conserved.] [Assessment Boundary: Assessment does not include calculating the total bond energy changes during a chemical reaction from the bond energies of reactants and products.]
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using mathematical ideas to communicate the proportional relationships between masses of atoms in the reactants and the products, and the translation of these relationships to the macroscopic scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on assessing students’ use of mathematical thinking and not on memorization and rote application of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex chemical reactions.]
HS-PS3-1. Create a computational model to calculate the change in the energy of one component in a system when the change in energy of the other component(s) and energy flows in and out of the system are known. [Clarification Statement: Emphasis is on explaining the meaning of mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited to basic algebraic expressions or computations; to systems of two or three components; and to thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.] 


Background for Teachers and Instructional Suggestions

Understanding chemistry allows us to understand the world around us and to make decisions and discoveries to improve the quality of life. Often we do not notice the direct influence of chemistry in our lives, but it is all around us. From the neodymium magnets that vibrate our cell phones to the chemical reactions that go on inside our bodies, chemistry is often overlooked and taken for granted. In this short introductory unit, students investigate a simple chemical system and begin to ask questions about it. This unit lays the foundation for achieving several PE’s but is not designed in a way that students fully meet any of them upon completion. The unit is instead here to set the stage for the entire course, illustrating many of the phenomena that students will investigate, model, and explain. 

Students begin by examining nutrition labels of different foods where they will find a surprising amount of chemistry. They might notice familiar measures of mass or volume, names of chemical elements, and some ingredients with complex multi-syllabic names of chemical compounds. Students should ask questions about what different items mean and why they are included on the label. Students are commonly familiar with the idea of Calories, but may ask “What are Calories?” and “how do they measure them?” These questions drive an investigation using a standard calorimetry experiment to measure the energy output of different foods. The experiment can be done with a soda can
. Students light a nut or other high Calorie snack food on fire below a metal can containing a measured amount of water. The burning food transfers energy to the water in the can. By measuring the temperature increase in the water, students calculate the amount of energy transferred, which can be measured in the familiar unit of Calories (HS-PS3-1). The experimental results tend to be messy, so different lab groups should pool their results in order to identify outliers before comparing their results to nutritional label values. As they analyze the data from the whole class, they notice patterns such as larger the change in food mass, the higher the temperature increase of the water. Students will investigate the detailed mechanism of that release related to changes in bond energy in unit 4 (HS-PS1-4). 

Students then represent this system with a model by drawing a diagram of the components and interactions. Energy flows represent cause and effect relationships and students should label them as arrows with specific descriptions articulating how the energy from one place to another. In fifth grade, students calculated that mass is conserved during heating (5-PS1-2), but the mass of this chemical system appears to have changed. Many students will incorrectly state that the mass of the food was converted to the energy of the heating (a process that only occurs in nuclear fusion). In unit 4, students will revisit this system and realize that the ‘missing’ atoms escaped the system that they defined because the products of combustion are hot gases and not because they disappeared completely (HS-PS1-7). The experimental results tend to systematically underestimate of the energy of the food compared to nutrition labels. Students can use their model to speculate about the reasons for the difference. 

When allowed to ask questions about their experiment, students often wonder if the results would differ if they used a tin can instead of an aluminum one or a different liquid instead of water such as the original soda that was in the aluminum can. This question motivates an extension to the original investigation that allows students to recognize specific heat capacity and thermal conductivity as bulk properties of substances, which they will later explain in terms of electrical forces between particles (HS-PS1-3). Students repeat the experiment using different liquids and different cans, and then monitoring the temperature change over time both while the nut is burning and afterwards as the liquid and the room come to a more uniform temperature (HS-PS3-4). With careful measurements, students should discover a slight difference between freshwater and water with sugar or salt added. This difference in bulk properties must relate to some sort of microscopic interaction between the salt and the water that students investigate in the next unit.


The difference is more dramatic when they try cooking oil. They might wonder what is the difference between the cooking oil molecules and the water molecules that makes them respond to the heat differently? Before moving on, students should try to relate the combustion in this experiment to the real world. They should make a list of all the places that they know where things burn and they will revisit some of these in future sections as they discuss the impact of burning fossil fuels on global climate (ESS3.D).
Unit-2 Heat and Energy in the Earth System
	Chemistry- Unit 2: Heat and energy in the Earth system

	Guiding Questions: 

· How is energy transferred and conserved?

· How can energy be harnessed to perform useful tasks?

	Science and Engineering Practices: 

· Mathematics and computational thinking
· Developing and using models
· Planning and carrying out investigations
· Analyzing and interpreting data
· Defining problems
· Designing solutions

	Crosscutting concepts: 

· Energy and matter
· Scale, proportion and quantity, 

	Students who demonstrate understanding can:


HS-PS3-1. Create a computational model to calculate the change in the energy of one component in a system when the change in energy of the other component(s) and energy flows in and out of the system are known. [Clarification Statement: Emphasis is on explaining the meaning of mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited to basic algebraic expressions or computations; to systems of two or three components; and to thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.

HS-PS3-2. Develop and use models to illustrate that energy at the macroscopic scale can be accounted for as a combination of energy associated with the motions of particles (objects) and energy associated with the relative position of particles (objects). [Clarification Statement: Examples of phenomena at the macroscopic scale could include the conversion of kinetic energy to thermal energy, the energy stored due to position of an object above the earth, and the energy stored between two electrically-charged plates. Examples of models could include diagrams, drawings, descriptions, and computer simulations.]
HS-PS3-4. Plan and conduct an investigation to provide evidence that the transfer of thermal energy when two components of different temperature are combined within a closed system results in a more uniform energy distribution among the components in the system (second law of thermodynamics). [Clarification Statement: Emphasis is on analyzing data from student investigations and using mathematical thinking to describe the energy changes both quantitatively and conceptually. Examples of investigations could include mixing liquids at different initial temperatures or adding objects at different temperatures to water.] [Assessment Boundary: Assessment is limited to investigations based on materials and tools provided to students.]



Background for Teachers and Instructional Suggestions

Energy is perhaps the most unifying crosscutting concept in all of science. Energy is a property of both matter and radiation and is manifested as the capacity to perform work, such as causing the motion or interaction of molecules on a micro-scale, or the movement of machines or planets on a macro-scale. Energy can be converted in form, but neither created nor destroyed. On the microscopic scale, energy can be modeled as the motion or particles or as force fields (electric, magnetic, gravitational) that mediate interactions between such particles. At the macroscopic scale, energy is manifested in a variety of phenomena, such as motion, light, sound, electromagnetic fields, and heat. 

Chemistry is often described as the “study of matter”, including the identification of the substances of which matter is composed, the investigation of properties of matter, energy flows in matter, and the ways in which matter interacts, combines, and changes. Heat is the form of energy that flows between samples of matter because of differences in temperature. The laws of thermodynamics define the fundamental physical quantities (temperature, energy, and entropy) that characterize matter, and are therefore essential for understanding matter and chemical interactions. The Zeroth Law of Thermodynamics states that two systems that are in thermodynamic equilibrium have the same temperature and will not exchange heat with each other. If, however, two closed systems with different temperatures are brought into thermal contact, heat will flow from the system of higher temperature to the system of lower temperature until the two systems reach the same intermediate temperature.


The First Law of Thermodynamics states that the total energy of an isolated system is constant, and that although energy can be transformed from one form to another, it cannot be created nor destroyed. The conservation of energy is thus a unifying theme in science because energy must always be accounted for in all exchanges, inviting scientists to study its flow throughout the complex biological, chemical, physical, geological, and astronomical systems they study. Energy transfers between organisms in food webs, by wind and ocean currents on Earth, by light from one astronomical body to another, and between molecules in chemical reactions, to name just a few processes.

The Second Law of Thermodynamics defines the conditions under which energy will flow between components in a system. Isolated systems always progress toward thermodynamic equilibrium with maximum entropy. In other words, systems strive towards a uniform energy distribution among all the components. At the middle grade level, students developed a model of individual particles that move around at speeds related to their temperature (MS-PS1-4). They also examined the forces involved in colliding objects through an engineering challenge (MS-PS2-1).  Now they can combine their intuition about these two systems to enhance their model of heat flow. If a moving car crashes into a stationary one, the moving car slows down while the stationary car receives energy and begins to move. Since matter involves countless particles involved in countless collisions, this process repeats over and over again with the particles having more kinetic energy always transferring energy to objects with less kinetic energy. When two objects are touching, energy is transferred in this manner until the average kinetic energy of the particles in the objects is the same. Energy continues to move back and forth during collisions, but each object gains as much as it loses during any given point in time. Students will “plan and conduct an investigation to provide evidence that the transfer of thermal energy when two components of different temperature are combined within a closed system results in a more uniform energy distribution among the components in the system” (HS-PS3-4). Despite the fact that a scientific model for the Second Law is presented earlier in this paragraph before describing the investigation, the order in the classroom would probably differ so that students do more than just verify it experimentally. An inquiry-driven investigation to monitor temperatures that culminates with a scientific explanation resembling the Second Law is more consistent with the tools in the Instructional Strategies chapter of this Framework (and would definitely meet this PE). Regardless of the order, students should be provided appropriate materials so that they can perform experiments such as measuring the temperature of two bodies of water before and after mixing, or the temperatures of metal blocks and water prior to, and following immersion. By repeating these investigations with differing quantities of materials, students can apply the concept of scale, proportion, and quantity to predict temperature changes, equilibrium conditions, and magnitudes of energy transferred (HS-PS3-1). 

At the macroscopic scale, there are several different heat flow mechanisms by which the Second Law operates: conduction, convection, and radiation. As students relate each of these processes to the motion of individual particles (HS-PS3-2). Conduction involves the direct collision of particles, so denser materials will transmit heat faster than less dense ones. In general, solids are much better at transferring heat by conduction than liquids or gases because of their greater density. During their investigations of the Second Law, students might have noticed that heat transfer involving liquids included mixing and movement of the liquids (easily visualized with food coloring). In liquids and gases, faster moving particles can slide past or push away slower moving particles, allowing density-driven convection to occur. Radiation represents the conversion of kinetic energy to electromagnetic energy due to the movement and collisions of charged particles. Students learn more about this mechanism in the physics course. Online simulations allow students to visualize each of these processes at the microscopic scale
.

Computational models are also an excellent way to explore heat transfer at the macroscopic scale. The investigations into the Second Law of Thermodynamics can be done easily using free computer models designed for educational environments where students can set the material properties, geometry of systems, and initial conditions
. Unlike a real investigation, there are no measurement errors, the model visualization can be paused or watched multiple times, and scenarios that are impractical to study in real life can be tested easily in the computer. An excellent challenge is to have students revisit the food calorimetry experiment from unit 1 and retrace the flow of heat in a computer simulation. Students can observe convection, conduction, and even simulate the effects of wind blowing through the room. To extend their modeling of heat flow to different contexts, students can use online computational models for simulating the flow of thermal energy through a wall, taking into account numerous criteria such as different wall materials and different initial temperatures on both sides of the wall (HS-ETS1-4).
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Figure 1. Visualizing heat flow using a computer simulation. Colors represent temperature at every point in the model. 

Heat Transport on Planet Earth


The drive towards thermal equilibrium operates on a massive scale inside the Earth with major implications for plate motions. Earth’s interior is expected to be hot (from heat-generating radioactive elements in the interior) while its surface is adjacent to the cold emptiness of space. Heat will be transferred from the hot interior outward. Convection is an extremely efficient heat transport mechanism that occurs when hot material rises upward because it is less dense and colder material sinks because it is more dense. Students developed a model of convection at Earth’s surface at the middle grade level (MS-ESS2-6), and now they extend it to processes inside the Earth. A simple lava lamp or any of the various published demos involving ice, warm water, and drops of food coloring are simple examples of models of convection (HS-ESS2-3). Within Earth, plate motions are the surface expression of convection happening deep within the Earth. The oceanic crust is cold and dense and sinks downwards where plates crash together while hot, relatively low density magma rises up where plates move apart. 


Lava lamps are not perfect models of convection in Earth’s interior because there is strong evidence from seismic waves that most of the interior is not a liquid. One type of seismic waves from earthquakes called S-waves cannot travel through liquids. When an earthquake occurs on one side of the planet, the shaking can be recorded over a huge section of the planet as waves travel straight through the Earth. Stations on the exact opposite side of the Earth from the earthquake, however, do not record S-waves. This S-wave “shadow” is evidence that there must be a liquid layer within Earth’s core. When scientists take common Earth materials in a lab and expose them to the temperature and pressure that would exist in the core, they find that the materials do indeed become liquid when the temperature is high enough. 


If the interior of Earth is solid, how can it convect? After all, traditional chemistry textbooks claim that convection cannot occur in a solid. The paradox is resolved by coming up with a more sophisticated model of solids and liquids that describes them on a spectrum involving both viscous and elastic behaviors rather than being two completely separate phases of matter like they may have discussed at the middle grade level (MS-PS1-4). Water flows easily when poured slowly from a pitcher, but can feel painfully solid-like when a person belly flops into a swimming pool because the water cannot flow out of the way quickly enough. Silly putty bends and oozes like a viscous fluid, but it will bounce if you throw it against a wall. Rock acts in much the same way. The forces causing convection inside the Earth push on the rock so slowly that it oozes like silly putty. The fact that categories students have used to describe the phases of matter fails is an excellent example of CA NGSS’s learning progression regarding patterns. While identifying patterns and using them to classify and categorize are cornerstones of the SEPs beginning in kindergarten, by 12th grade students are expected to “recognize classifications or explanations used at one scale may not be useful or need revision using a different scale” (NGSS Lead States 2013a). This revision process is at the heart of the nature of science.

   
Students can apply their model of density driven flow in rock not only to help understand heat transfer, but also to see how these flows give rise to plate tectonics. When hot material from Earth’s interior reaches the surface, it begins to cool and becomes more dense. Some of this dense material begins to sink back down, but unlike liquids in a lava lamp, the sinking solid rock is part of a connected shell of rock that forms Earth’s lithosphere, its surface layer. As the dense material sinks, it drags along huge sections of the lithospheric shell with it much like an anchor pulls a rope attached to it as it sinks. These huge sections of lithosphere that are dragged along as a single chunk are what we call plates, and their movement is what we call plate tectonics. 


There are many pieces of evidence that this motion is occurring: For one, scientists can directly observe these motions using modern day Global Positioning System (GPS) measurements (Figure 2). One pattern revealed in such measurements is that large sections of the Earth all move together in the same direction at the same time (what we call plates). This measurement technology has only been available since the late 1980’s, but scientists were able to observe other evidence that this motion is occurring by looking at the age of the seafloor (Figure 3). There are long stripes down the middle of many oceans with very young seafloor and then a clear pattern where the ages are symmetrically older in both directions away from the stripe of youngest rocks. 
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Figure 2. GPS velocities recorded at stations around the world reveal present-day plate motions. Arrow size relates to the speed of each point. Image credit: (CC-BY-NC-SA) by M. d’Alessio


The mechanism causing new seafloor to form is another example of a density-driven flow. When two plates move apart from one another, the release of pressure allows solid material expand slightly causing decompression melting. The melted magma is less dense than the surrounding solid rock, so it quickly rises up and forms new sections of lithosphere. As the plates continue to move, this rock gets older and is dragged farther from the plate boundary. 
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Figure 3. Seafloor age. Hot material from the mantle rises up and cools to form new rock material (with age of zero) at the areas shown in red. (National Oceanic and Atmospheric Administration, National Centers for Environmental Information 2015) 
	Chemistry- Unit 3: Atoms and Elements

	Guiding Questions: 

· What is inside atoms and how does this affect how they interact?

· How does the structure of matter at the atomic scale explain patterns in the bulk properties of matter?

	Scientific and Engineering Practices: 

· Developing & using models

· Constructing explanations

· Engaging in argument from evidence

· Planning and carrying out investigations

	Crosscutting concepts: 

· Patterns
· Cause and effect
· Structure and function

	Students who demonstrate understanding can:

HS-PS1-1. Use the periodic table as a model to predict the relative properties of elements based on the patterns of electrons in the outermost energy level of atoms. [Clarification Statement: Examples of properties that could be predicted from patterns could include reactivity of metals, types of bonds formed, numbers of bonds formed, and reactions with oxygen.] [Assessment Boundary: Assessment is limited to main group elements. Assessment does not include quantitative understanding of ionization energy beyond relative trends.]
HS-PS1-2 Construct and revise an explanation for the outcome of a simple chemical reaction based on the outermost electron states of atoms, trends in the periodic table, and knowledge of the patterns of chemical properties. [Clarification Statement: Examples of chemical reactions could include the reaction of sodium and chlorine, of carbon and oxygen, or of carbon and hydrogen.] [Assessment Boundary: Assessment is limited to chemical reactions involving main group elements and combustion reactions.]
HS-PS1-3 Plan and conduct an investigation to gather evidence to compare the structure of substances at the bulk scale to infer the strength of electrical forces between particles. [Clarification Statement: Emphasis is on understanding the strengths of forces between particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of particles could include ions, atoms, molecules, and networked materials (such as graphite). Examples of bulk properties of substances could include the melting point and boiling point, vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include Raoult’s law calculations of vapor pressure.]


Background for Teachers and Instructional Suggestions

The previous unit examined the thermal interactions of objects by looking at the energy of microscopic particles that make them up. Students observed that different materials have different thermal properties, but they do not yet have a good explanation about what causes these differences. In fact, their model of these particles does not yet differ much from the model they developed in 5th grade that objects are made of particles too small to be seen (5-PS1-1), modified slightly by the middle grade level where they defined some particles as molecules that are made of groups of atoms held together in simple structures (MS-PS1-1). This unit is the first time that students actually discuss what an atom is and how it can explain so many of the properties they have observed. 


HS-PS1-1 requires that high school students build upon this understanding by applying the periodic table as a model to “predict the relative properties of elements based on the patterns of electrons in the outermost (valence) energy level of atoms”. The NRC Framework states that: 
“By the end of grade 12, students should understand that “each atom has a charged substructure consisting of a nucleus, which is made of protons and neutrons, surrounded by electrons. The periodic table orders elements horizontally by the number of protons in the atom’s nucleus and places those with similar chemical properties in columns. The repeating patterns of this table reflect patterns of outer electron states. The structure and interactions of matter at the bulk scale are determined by electrical forces within and between atoms. The stability of matter is increased when the electric and magnetic field energy is minimized. A stable molecule has less energy, by an amount known as the binding energy, than the same set of atoms separated, and one must provide at least this energy in order to take the molecule apart.” (National Research Council 2012)

The PE’s at the middle grade level do not require students to develop a model of the atom’s internal workings. This sequence differs from the 1998 California Science Content Standards where the internal workings of the atom were introduced in grade 8, and it is conceivable that students highly proficient in the CA NGSS PE’s for the middle grade level have never heard the words protons, neutrons, and electrons. The CA NGSS learning progression has been designed so that this material is introduced at a time when it is developmentally appropriate and integrates with their learning in other disciplines (in this case, a formal description of electrical attraction with Coulomb’s Law in high school physics). Students do, however, have significant experience recognizing patterns and asking questions about them. They have analyzed data about the bulk properties of matter and are ready to begin relating them to the components that make up atoms. 

It should be emphasized that HS-PS1-1 is best accomplished not by memorization, but by understanding and applying the underlying models of atomic structure and interaction. This unit emphasizes the application of such models and the principle of cause and effect to predict and explain properties. Although students are not expected to derive models of atomic structure, they are expected to apply models to make reasonable predictions of elemental properties such as the reactivity and the types and numbers of bonds formed. Students learn that the properties of the elements repeat in a periodic fashion, and understand that the periodic table is a very useful model for understanding and predicting bulk properties of elements as well as the reactions between elements. 


Dmitri Mendeleev, who developed the predecessor of the modern periodic table, realized that the physical and chemical properties of elements were related to their atomic mass in a 'periodic' way, and arranged the 63 known elements so that groups with similar properties fell into vertical columns in his table. Students can build a mental model of how the periodic table is arranged by an analogous activity in which they arrange color chips from a paint store into a matrix based on color and hue. Students can understand the power of such models by predicting the existence of color/hue chips that were removed from the final matrix before the chips were distributed, mirroring the process Mendeleev used to predict the existence of elements not yet known. 


This unit emphasizes the recognition and use of patterns. Patterns are a key crosscutting concept because they result from underlying causes. Observed patterns not only guide organization and classification, but also prompt questions about relationships and the factors that influence them, and thereby lead to a discussion of cause and effect. When chemists organized elements in order of increasing relative atomic mass, they noticed repeating, or periodic patterns. For example, they noticed trends in chemical reactivity were punctuated by elements that were seemingly inert as shown in the high ionization energies of the Noble gasses in Figure 4. These patterns led chemists to suppose that there were underlying causes that created these patterns. The recognition of these patterns thus contributed to our understanding of atomic theory, the key model that students are expected to apply in this unit. Using dynamic computer-based periodic tables, students can easily investigate a variety of properties (such as atomic radius, first ionization energy and electron affinity) and observe periodic patterns that provide evidence of patterns in underlying atomic structure.
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Figure 4 Table of first ionization energies


This unit does not require students to memorize trends within the periodic table. Rather, it requires students to predict trends within the periodic table based upon an application of models of atomic structure that are reflected in trends within the periodic table (Figure 5). For example, students should be able to predict that sodium is likely to lose electrons when interacting with other elements because it has only one loosely held electron in its valence shell, as indicated by its position in the first family. Similarly, they should be able to predict that sodium will react strongly with chlorine because chlorine tends to gain electrons due to its high electronegativity associated with its nearly filled valence shell as indicated by its position in the seventh family. Finally, they should be able to predict that the resulting sodium cation and chloride anion will be attracted to each other and form an ionic bond by applying the principles of electrostatic attraction (Figure 5). 
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Figure 5 Students can predict bond formation

Mastery of performance expectation HS-PS1-1 is foundational for achieving HS-PS1-2 in which students are expected to “construct and revise an explanation for the outcome of a simple chemical reaction based on the outermost electron states of atoms, trends in the periodic table, and knowledge of the patterns of chemical properties”. Note that this PE requires that students be able to construct explanations and argue from evidence based on the disciplinary core ideas (PS1.A Structure and Property of Matter) associated with HS-PS1-1. 


It is not sufficient for students to memorize and blindly apply rules for chemical bonding. Rather, they must develop explanations for why atoms of main-group elements tend to combine in such a way that each atom has a filled outer (valence) shell, giving it the same electronic configuration as a noble gas (octet rule). To meet this PE, students must describe thermodynamic principles that dictate that atoms will react to with one another in order to transition to a more stable (lower energy) state. Filled orbitals, such as occur in a full ‘octet’ state, result in an energy minimum. In addition, the electrons present in the different orbitals of the same sub-shell in a full octet can freely exchange their positions, leading to a decrease in exchange energy and thus a lower net energy. The energy state is also affected by its electrical charge. Since opposites attract, an electrically neutral state has lower energy, and thus is more stable, than an electrically charged state. After learning these principles, students can apply them to explain covalent, polar covalent, and ionic bonding as modeled in Figure 6. Students should be able to use such diagrams in their explanations, pointing out that the energy of the system is minimized, and thus the resulting compound is more stable, when the valence shells are filled either by gaining or loosing electrons, as in ionic bonds, or by sharing them, as in covalent bonds. In addition, they can predict that the oppositely charged ions in an ionic bond are attracted to each other, creating a lower energy state in the resulting ionic compound, than when the ions were separated. For example, students should be able to explain that table salt (NaCl) is the result of Na+ ions and Cl- ions bonding. If sodium metal and chlorine gas mix under the right conditions, they will form salt as the sodium loses an electron, and the chlorine gains that electron. In the process, a great amount of light and heat is released, and the resulting salt thus has much lower energy and is relatively unreactive and stable, and will not undergo any explosive reactions like the sodium and chlorine that it is made of. 
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Figure 6 - Students should be able to explain models of covalent, polar covalent, and ionic bonding 


Once again, it is important to note that HS-PS1-2 requires students to construct explanations and argue from evidence, rather than memorize facts and trends. Students should understand the basis for trends and patterns shown in Figure 7 exist, and be able to explain (cause and effect) the types of chemical reactions and resulting bonds that occur between elements. Once students understand the reasons for the trends observed in the periodic table, they can subsequently predict chemical reactions of significance in both the physical and biological realm. For example, by noting that carbon is in the fourth family, students should conclude that it therefore has four valence electrons that can be shared by such elements as hydrogen and oxygen and explain the existence of hydrocarbons based upon valence electron patterns. 
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Figure 7 Students should understand the basis for trends and patterns in the periodic table, and be able to explain the types of chemical reactions and resulting bonds that occur between elements.

An understanding of atomic structure and the periodic table lays a foundation for understanding the properties of bulk matter such as melting point, boiling point, vapor pressure and surface tension. Although early chemists strived to understand phases of matter and the peculiar properties of pure substances, today’s students can easily access such information from textbooks or the Internet. Unfortunately, easy access often equates to shallow understanding, and it is therefore important that students gain tangible experiences with such properties. 


Students should be able to construct models of the phases of ionic and covalent matter by observing patterns in each phase witnessed at the macro level. For example, ionic compounds exhibit higher melting points and electrical conductivity compared to covalent compounds. Strong electrostatic interactions between ions in ionic compounds give them their macroscopic properties, while the sharing of electrons in covalent bonds gives covalent compounds a different set of properties. The idea is to engage students in the connection of behavior at the atomic level to the observed behavior at the macroscopic. They can use investigations or various forms of media such as textbooks or the Internet to connect the properties of the various solids such as strength of the structure, hardness, malleability, ductility, conductivity, and melting points to its observable structure. Spending time learning more about the properties of pure substances, both elements and compounds, will reinforce HS-PS1-2. 

Students will now be more prepared to explain how reactions can be used to identify substances. Rather than memorizing trends in such properties, performance objective HS-PS1-3 requires students to “plan and conduct an investigation to gather evidence to compare the structure of substances at the bulk scale to infer the strength of electrical forces between particles”. For example, students could plan and carry out an investigation to compare the boiling points of varying solutions of salt water, with the inference that higher boiling points indicate stronger electrical forces between the particles. 

Students can begin to construct a model of particles in solids based on their behavior and seek causal relationships between their structure and behavior. Similar studies can be made to establish the properties of pure liquids and gases. Students should start making inferences about the spacing between particles/molecules in solids, liquids and gases. Traditional instruction often jumps directly into the gas laws without students first establishing the actual properties beyond simple definitions. Students should engage in developing their own understanding of how gases have mass, for instance. This can be done by filling multiple zip top plastic bags with different types of gases that are denser than air, such as carbon dioxide and oxygen, and massing each to learn that there are differences in the mass of different gases even though they have the same volume.


Additionally, students should begin to appreciate the unique properties of various pure substances, and understand how atomic and molecular structure determines the functions and properties that substances exhibit on the macro-scale. The special properties of water, such as its high heat capacity, low density in solid form, strong cohesion and adhesion, capillary action, high surface tension, and excellent ability to dissolve polar substances, are particularly important to biological, environmental, and chemical systems, and are determined by its unique structure. Water has an incredible range of properties that play important roles for different types of systems. Observing the interaction between different types of compounds in water, their solubility, their ability to conduct electricity, and any changes in temperature gives additional data that can be used to support students’ arguments regarding properties of different substances. This should lead students to ask questions that will lead to collecting additional data concerning why water affects so many substances of varying types. Once again, students should rely on the patterns they observe to form the questions that will lead to the cause of such behaviors. At the conclusion of this unit, students should be able to articulate their arguments regarding the properties of matter and be able to classify different compounds based on their current model.

	Chemistry- Unit 4: Chemical Reactions

	Guiding Questions:

· What holds atoms together in molecules?
· How do chemical reactions absorb and release energy?

	Scientific and Engineering Practices: 

· Engaging in argument from evidence
· Developing and using models
· Using mathematical and computational thinking
· Constructing explanations
· Designing solutions

	Crosscutting concepts: 

· Patterns
· Energy and matter
· Stability and change
· Cause and effect

	Students who demonstrate understanding can:


HS-PS1-4 Develop a model to illustrate that the release or absorption of energy from a chemical reaction system depends upon the changes in total bond energy. [Clarification Statement: Emphasis is on the idea that a chemical reaction is a system that affects the energy change. Examples of models could include molecular-level drawings and diagrams of reactions, graphs showing the relative energies of reactants and products, and representations showing energy is conserved.] [Assessment Boundary: Assessment does not include calculating the total bond energy changes during a chemical reaction from the bond energies of reactants and products.]
HS-PS3-5 Develop and use a model of two objects interacting through electric or magnetic fields to illustrate the forces between objects and the changes in energy of the objects due to the interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and texts, such as drawings of what happens when two charges of opposite polarity are near each other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
HS-PS2-4 Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects. [Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with two objects.]
HS-PS1-5. Apply scientific principles and evidence to provide an explanation about the effects of changing the temperature or concentration of the reacting particles on the rate at which a reaction occurs. [Clarification Statement: Emphasis is on student reasoning that focuses on the number and energy of collisions between molecules.] [Assessment Boundary: Assessment is limited to simple reactions in which there are only two reactants; evidence from temperature, concentration, and rate data; and qualitative relationships between rate and temperature.] 
HS-PS1-7 Use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using mathematical ideas to communicate the proportional relationships between masses of atoms in the reactants and the products, and the translation of these relationships to the macroscopic scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on assessing students’ use of mathematical thinking and not on memorization and rote application of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex chemical reactions.] 


Background for Teachers and Instructional Suggestions

In this unit, students will learn how elements combine to form new compounds, the forces that hold them together, the forces between particles and molecules, and the energy needed to break or form bonds. Students should take what was learned in previous units to apply to the principles of bonding. In the traditional approach, students were taught and memorized, that ionic bonds result from the transfer of electrons from one atom to another and covalent bonds from the sharing of electrons between two atoms. Students were then presented with differences in the two types of bonding. By contrast the CA NGSS approach encourages students to accumulate evidence regarding how substances behave on their own and with other substances, and then construct cognitive models based on such evidence. The CA NGSS requires students to explain their reasoning for applying evidence to their models. In so doing, they gain experience with the physical and chemical properties that allow them to make inferences regarding the forces and energy associated with particles and molecules. 

An understanding of chemical structure is foundational to understanding properties of matter, particularly those involved in chemical reactions that are key to a myriad of physical and biological processes. Energy is the capacity to perform work and is necessary to cause the motion and interaction of atoms and molecules. Once students understand atomic structure, and are able to predict basic properties based upon the position of an element in the periodic table, they are ready to investigate chemical energetics. HS-PS1-4 requires students to develop models that illustrate the release or absorption of energy from chemical reactions. Students can use graphs, diagrams and drawings to model changes in total bond energy, such as those shown in Figure 8. Examples of a range of graphs, diagrams and drawings developed by scientists as models of changes in total bond energy. Students develop their own mental models for energy changes in chemical reactions that they can express in pictorial models that may look like these.

, and use these tools to explain energy changes accompanying chemical reactions. Note that the models in Figure 8, like many pictorial models that appear in textbooks, were drafted by scientists. The models that those scientists produced when they were students were unlikely as simple and complete as these final products, but they refined their models over years. Revising models is an integral part of the nature of science.
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Figure 8. Examples of a range of graphs, diagrams and drawings developed by scientists as models of changes in total bond energy. Students develop their own mental models for energy changes in chemical reactions that they can express in pictorial models that may look like these.


In students’ models of chemical reactions, original chemical bonds are broken and new bonds form. Each of these changes affects the distribution of energy within the chemical system, so they must extend their model to include these energy flows. Energy conservation in chemical processes is, however, an abstract concept and must be discussed and developed with care. Students carryout investigations to collect and analyze data (both quantitative and descriptive observations) to discover that some reactions appear to release energy to their environment while others absorb it. In a more detailed model of the energy flow, however, all chemical reactions both absorb and release energy, just in differing amounts. Chemical bonds are not tangible objects but actually the name given to a situation where two atoms are attracted together by electric forces. Chemical reactions involve separating two atoms (requiring work to overcome their attraction just like lifting a heavy load against the force of gravity) and bringing a different combination of the atoms closer together (which releases energy, much like a falling ball converts gravitational potential energy to kinetic energy as it is attracted to the Earth and moves closer to it). Whether or not a chemical reaction gives off energy overall depends on the relative magnitudes of these two energies. Chemists usually refer to the potential energy related to the relative position of two interacting atoms in a chemical bond as the ‘bond energy.’ By comparing the bond energy of the products with the bond energy of the reactants, students can construct mathematical models of the energy in the system and predict whether or not energy will be absorbed or released. A simple investigation to verify this model could include dissolving salt in water where the chemical bond between sodium and chlorine is broken (requiring lots of energy) and the attraction between water and the sodium and chlorine ions is tenuous and the atoms don’t remain close together (releasing relatively little potential energy). The temperature of water goes down when salt dissolves in it. Another example is the classic set of reactions that comprise photosynthesis and respiration. The complex biochemistry of photosynthetic reactions is not necessary at this stage, but the fact that the formation of biomass from carbon dioxide and water requires energy input is an important understanding that has been stressed in earlier grades. That energy input can now can be understood in greater detail given comprehension of the energetics of chemical bonds (Figure 9). The equations in Figure 9 are the net result of a number of other chemical reactions along the way (the various cycles involving ATP and other intermediate molecules). The reason these other reactions are required is because of the energy required to break bonds of the reactants apart (often called the activation energy, which some models in Figure 8 depict as a temporary increase in energy during the chemical reaction). The intermediate stages involve certain proteins encoded by DNA to re-orient the molecules and reduce the activation energy. 
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Figure 9. Illustration of how students’ models of the energy in chemical reactions can be revised to be more detailed over time. Simplified equations for photosynthesis and aerobic respiration show a middle grade model of energy in chemical reactions (left; note that middle grade students are not assessed on balancing chemical equations). An introductory high school model of energy changes during these chemical reactions includes details about bonding energy (middle). A more advanced model that integrates core ideas from life science shows a series of intermediate chemical reactions inside cells each with a smaller activation energy (right). Image Credit:  (CC-BY-NC-SA) by M. d’Alessio
Understanding Bulk Behavior at the Microscopic Level

Once students have added energetics to their model or argument, they can construct better explanations for how microscopic interactions account for bulk property behavior (HS-PS1-3). If students apply the concept of scale, they can explore the complex concept of electrostatic forces. Students learn how to use the mathematical representation of Coulomb’s Law as part of the evidence for their explanation for understanding bonding (HS-PS2-4 and HS-PS3-5). Students will also learn how the nucleus of one atom has enough attractive force to pull one, two, or three electrons away from nuclei that does not have the same attractive force on its own electrons. Finally, by applying the principles of electrostatic attraction, students should be able to predict that the resulting cations and anions will be attracted to each other and form ionic bonds. As to covalent bonding, students will learn that the differences in how these molecules dissolve, their boiling points, and the types of reactions they undergo is dictated by the bonds between atoms. In order to lower their respective energy, two non-metal atoms come together. As they come very close to one another, the respective orbitals of the atoms overlap, trapping two electrons in the energy field, creating the covalent bond (HS-PS3-5). The differences in how these two bonds are created is often overlooked, resulting in oversimplified definitions. Getting to this level allows students to fully pursue the relationship between bulk effects and microscopic causes (HS-PS1-3). 
Unit 5: Carbon Dioxide and Climate Change

	Unit 5 – Chemistry of Climate Change

	What regulates weather and climate?

What effects are humans having on the climate?

	Science & Engineering Practices: 

· Developing and using models 

· Analyzing and interpreting data

	Crosscutting concepts: 

· Systems and system models

· Energy and matter:

· Flows, cycles, and conservation

· Stability and Change

· Cause and effect 

· Influence of science, engineering, and technology on society and the natural world

	Students who demonstrate understanding can:

HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth's surface can create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples should include climate feedbacks, such as how an increase in greenhouse gases causes a rise in global temperatures that melts glacial ice, which reduces the amount of sunlight reflected from Earth’s surface, increasing surface temperatures and further reducing the amount of ice. Examples could also be taken from other system interactions, such as how the loss of ground vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.] 
HS-ESS2-4. Use a model to describe how variations in the flow of energy into and out of Earth’s systems result in changes in climate. [Clarification Statement: Examples of the causes of climate change differ by timescale, over 1-10 years: large volcanic eruption, ocean circulation; 10-100s of years: changes in human activity, ocean circulation, solar output; 10-100s of thousands of years: changes to Earth's orbit and the orientation of its axis; and 10-100s of millions of years: long-term changes in atmospheric composition.] [Assessment Boundary: Assessment of the results of changes in climate is limited to changes in surface temperatures, precipitation patterns, glacial ice volumes, sea levels, and biosphere distribution.] 
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon cycle is a property of the Earth system that arises from interactions among the hydrosphere, atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including humans), providing the foundation for living organisms.]
HS-ESS3-2. Evaluate competing design solutions for developing, managing, and utilizing energy and mineral resources based on cost-benefit ratios.* [Clarification Statement: Emphasis is on the conservation, recycling, and reuse of resources (such as minerals and metals) where possible, and on minimizing impacts where it is not. Examples include developing best practices for agricultural soil use, mining (for coal, tar sands, and oil shales), and pumping (for petroleum and natural gas). Science knowledge indicates what can happen in natural systems—not what should happen.] 
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an evidence-based forecast of the current rate of global or regional climate change and associated future impacts to Earth systems.

HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth systems and how those relationships are being modified due to human activity.* [Clarification Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere, cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic biomass on land and an increase in ocean acidification, with resulting impacts on sea organism health and marine populations.] [Assessment Boundary: Assessment does not include running computational representations but is limited to using the published results of scientific computational models.] 
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants.
* This performance expectation integrate traditional science content with engineering through a practice or disciplinary core idea



	Significant Connections to California’s Environmental Principles and Concepts

Principle III Natural systems proceed through cycles that humans depend upon, benefit from and can alter.

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.


Background for Teachers and Instructional Suggestions

In this unit, students apply their understanding of chemical reactions to global climate. Many of the key issues illustrated build on concepts related to thermodynamics and energy balances within systems (from unit 2) and the products of chemical reactions (from unit 4). The unit integrates with life science units where students explore the impact of this physical science concept on the Earth system.
Food Calorimetry, Revisited


Students can now revisit the introductory activity in unit 1 on combustion through the lens of their new mental models. Students likely have prior knowledge combustion requires oxygen and gives off energy in the same way as aerobic respiration. In fact, looking at the initial and final products, combustion reactions are identical to the aerobic reaction shown in Figure 9. The energy obtained by chemical reactions inside our bodies is the same as the energy released in the combustion reaction in food calorimetry, which is why we can burn food to figure out how much energy it will give us. They can also understand why a match or lighter is needed to provide the initial activation energy to start the chemical reaction. Students also likely have prior knowledge that they exhale CO2, and by feeling the moisture in their breath, they can realize that they also exhale water also in a gaseous form. Despite the fact that they cannot see either of these gases, both have mass. When they exhale, they are “losing weight” (and in fact, vigorous exercise where they exhale more will indeed allow them to lose more weight). In the food calorimetry experiment, students measured the mass of the food at the beginning and compared it to the remaining mass and noticed that some of the mass ‘disappeared.’ They can now revise their model to show that it was released as hot CO2 and H2O gas. Its mass flowed out of the smaller system of their laboratory investigation and into the air of the room around it (much like mass flowed into the system to provide the oxygen for the reactants). If they considered the entire room as their system and were able to measure its mass, they would have seen that it remained unchanged during the experiment.


Combustion can occur in a range of materials besides food. Combustion that involves molecules made entirely of carbon, hydrogen, and oxygen (‘hydrocarbons’) will always release the same reaction products (albeit in different ratios; See unit 5). Most of the fuels we use in everyday life are hydrocarbons, including logs of firewood, natural gas on our stovetops, and the gasoline we put in our cars. All of these hydrocarbons produce carbon dioxide as they provide us the energy we use every day. In fact, as more and more people inhabit the planet, we are emitting more carbon dioxide into the atmosphere every day that accumulates in our atmosphere (Figure 10).
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Figure 10. Relationship between global population and atmospheric CO2. With a few notable economic slowdowns, more people equates to more emissions that raises the concentration of CO2 in our atmosphere. In recent years, global population is slowing its growth but changes to lifestyles that burn more hydrocarbons for energy are causing emissions to continue to grow. Image Credit: M. d’Alessio using data from various sources.

The carbon dioxide produced by combustion plays a crucial role in regulating Earth’s climate system. In this unit, students apply their understandings of conservation of energy and heat flow (from unit 2) and interactions between energy and matter (from the physics course) to understand this role. The topic of global climate change offers an excellent opportunity to explore the concept of planet Earth as a system (ESS2.A), and to apply science and engineering practices to a very important and highly visible societal issue (HS-ETS1-1). While the details of global climate change can be very complex and technical, the underlying science has been known for a long time and is quite understandable. The main ideas relate to:

· the flows of energy into, within and out of the Earth system;

· Earth’s cycles of matter, especially the carbon cycle; and

· the effects of human activities, especially the combustion of fossil fuels.

The PE’s in this unit build on significant work on DCIs related to weather and climate (ESS2.D) in the middle grade standards where students learned that ocean and atmospheric currents are the equivalent of Earth’s circulation system, transferring heat from the warm equator towards the cooler poles and bringing the planet closer to thermal balance (MS-ESS3-4, now understood more deeply through HS-PS3-4). Students have also learned about the role that moving air masses play in determining short term weather (MS-ESS2-5). They have been introduced to climate change and that global average temperatures have risen in the last century and have investigated possible causes (MS-ESS2-6). In this unit, they must delve into a more sophisticated understanding of Earth’s energy balance and its relationship to the global carbon cycle. 

 
The crosscutting concept of systems is crucial to understanding Earth’s climate. When scientists think about a system, they need to consider the energy and matter that flow into or out of the system, as well as the inner workings of the system. In some systems, it is hard to decide where to draw the boundaries between what is considered ‘inside the system’ and what is considered outside (such as the example of the ‘missing’ mass in the food calorimetry investigation that wasn’t really missing if we considered the room as a system). Earth’s climate, however, does not present such a challenge if we consider the entire planet Earth as a system. Earth is somewhat isolated out in space, with relatively little matter entering or leaving the planet. Energy, however, flows into and out of the Earth as shown in Figure 11.
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Figure 11. Energy flows in the Earth system, an illustration of a systems model. Image credit: (Figure by A. Sussman)


Students can make a conceptual model of Earth’s energy budget by thinking about it like a family’s budget and bank account where money flows in, is saved, and can flow out. Solar radiation represents the income. Earth’s global average temperature measures the amount of heat stored internally in Earth’s system and so it is like the account balance, and energy radiates out into space much like a family spending money. As long as the income matches the expenses, the account balance remains steady. Cutting back on spending causes the account balance to increase. 


Earth’s energy input comes almost entirely from the Sun. While there is a small amount of radioactive decay within Earth’s interior that generates heat, the flow of solar energy to Earth’s surface is about 4,000 times greater than the flow of energy from Earth’s interior to its surface. Relatively small changes in the solar input can result in an Ice Age or the melting of all of Earth’s ice, much like an unexpected raise at work can quickly grow a family’s savings account balance. That growth in savings is often temporary for people because they modify their lifestyle and start spending faster, causing their account balance to stabilize at a new, slightly higher level. Planets do the same thing.

Most of the sunlight that reaches Earth is absorbed and is transformed to thermal energy. If there were no atmosphere to hold that energy, it would radiate right back out into space as infrared radiation, much like a family without a bank account is likely to spend money as fast as it is earned and keep little in reserve. Gases in the atmosphere, such as CO2, absorb infrared energy heading into space and cause it to remain within the Earth’s system for a longer period of time. Because these gases have the same effect as a greenhouse where heat is trapped inside the system, gases like CO2 are referred to as ‘greenhouse gases.’ Calculations by scientists show that if Earth had no greenhouse gases, its surface temperature would be near 0°F (or -18°C) instead of its current value of much warmer 59°F (15°C). The energy coming into the Earth is still balanced almost exactly by what is leaving the planet but there is a enough heat trapped in the system to allow life to thrive (like a family that still spends exactly as much as it earns so that its bank account neither shrinks nor grows, but it keeps a stable cushion of savings). 

By increasing the amount of greenhouse gases in the atmosphere, human activities are increasing the greenhouse effect and warming Earth’s climate. In a given year, less energy leaves Earth than arrives and the “account balance” is increasing like a pennywise family that is able to build up its savings. On Earth, the overall average temperature is rising due to greenhouse gases.


While having a lot of money in a savings account is good, accumulating extra heat within the Earth system may not be. At the risk of extending the bank account analogy too far, the situation is like a family that wins the lottery and starts fighting amongst themselves deciding how to spend it. The changes to the relationships within the family can be disastrous. Like families, systems have complicated inner workings. While the greenhouse effect seems like a simple cause and effect relationship viewed from outside the system, interactions within Earth’s system of systems can often give rise to more complicated chains of cause and effect referred to as feedbacks. Climate scientists are particularly concerned about feedback effects that could increase the amount and rate of global climate change. One example is that warming is clearly reducing the amount of ice on our planet. Glaciers around the world are shrinking in size and even disappearing. The amount of ice covering the ocean in summer and fall is also shrinking. As the ice melts, the surface beneath it is darker in color and absorbs more incoming sunlight. More absorption causes more heating, and more heating then causes even more absorption of sunlight. This kind of feedback loop amplifies or reinforces the change, and the distinction between ‘cause’ and ‘effect’ begins to blur, as each effect causes more change. The clarification statements in CA NGSS and many scientists use the term ‘positive feedback’, but this term should be replaced because it leads to confusion, as many reinforcing feedbacks have very negative outcomes.
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Figure 12. A reinforcing (‘positive’) feedback in Earth's climate system. As the planet warms, more ice will melt, which will expose darker ground surfaces that absorb more sunlight, which will in turn make temperatures rise even more. Image credit: (CC-BY-NC-SA) by M. d’Alessio, based on a draft by A. Sussman)


A different kind of feedback loop reduces the amount of change. For example, warmer temperatures cause more water to evaporate which enables more clouds to form. Since clouds reflect sunlight back into space, more clouds cause more incoming solar energy to be reflected before it has a chance to be absorbed by the planet. This causes decreasing global temperatures. More warming could cause more reflection, which would then lead to less warming again. This kind of feedback balances out changes. 
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Figure 13. Counter-balancing (‘negative’) feedback. Global warming may increase the amount of clouds. These clouds could reflect more sunlight, thereby causing temperatures to decrease. Temperatures stabilize as when an air conditioner turns on and off to control the temperature in a climate controlled house. Image credit: (CC-BY-NC-SA) by M. d’Alessio based on a draft by A. Sussman


Scientists discover these complicated interactions between different components of Earth’s systems by looking for trends and patterns in climate data. The CA NGSS have a strong emphasis on data analysis, especially in the sections related to weather and climate:

“An important aspect of Earth and space science involves making inferences about events in Earth’s history based on a data record that is increasingly incomplete that farther you go back in time…. Students can understand the analysis and interpretation of different kinds of geoscience data allow students to construct explanations for the many factors that drive climate change over a wide range of time scales.” (NGSS Lead States 2013b)

Some of the strongest evidence about our changing climate comes from ice core records. As snow accumulates over time in glaciers around the globe, it traps both the water that recently fell as precipitation and air bubbles. These air bubbles can act as tiny time capsules that allow scientists to study actual samples of the ancient atmosphere. Since the snow and ice buildup seasonally, the timing of each layer of ice and its trapped air bubbles can be counted like tree rings. Scientists make detailed chemical analyses of the water to reconstruct the global average temperature. Details of how this isotopic analysis provides a proxy for global temperature is beyond the scope of high school performance expectations, but is a fascinating example of physics, chemistry, and earth science working together.
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Figure 14. Temperature changes over the last 800,000 years correlate with changes in carbon dioxide.​

The temperature record from the last half million years reveals some dramatic patterns as temperatures go up and down with a periodicity of about 100,000 years, each low temperature an ice age (National Oceanic and Atmospheric Administration 2015). When students examine such data, they should be able to ask questions about which parts of the climate system might have caused these changes. If students compare temperature reconstructions with reconstructions of the amount of energy received from the Sun (which varies as the Earth’s orbit wobbles and the Sun’s energy output changes cyclically over time), they will discover that the data sets have a similar pattern: many warm periods in the ice core data correspond to periods of higher solar energy input. This seems quite reasonable because the Sun’s input should influence our temperature. However, there are also time intervals where the Earth was hot that do not correspond to high solar energy. The pattern in the history of the concentration of CO2 in Earth’s atmosphere and temperatures is very similar; the two are highly correlated. This correlation is a key piece of evidence that CO2 also plays a role in affecting Earth’s temperature. In a classroom, this correlation can motivate a discussion of Earth’s energy budget and the greenhouse effect. 
	Snapshot: "Dear Editor," evaluating climate change graphs

	Earlier in the year, Ms. Q had her students read about how to evaluate the scientific arguments made in media sources using a checklist called the Science Toolkit from the UC Museum of Paleontology (http://undsci.berkeley.edu/article/sciencetoolkit_01). She now has them read two internet articles with radically different headlines that each use a graph of global temperature as evidence. Students work in pairs to evaluate the two articles based on the criteria outlined in the Science Toolkit. Walking around the room, Fernando asks her about the sources: "this article is from NASA, but what is the Daily Mail? Who wrote it?" She encourages him to do a quick internet search about the newspaper's editorial board. A bit later, Cynthia mentions that both articles use graphs, "but they look totally different." 



	Global warming stopped 16 years ago, reveals Met Office report quietly released... and here is the chart to prove it

Long-Term Global Warming Trend Continues
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(Rose 2012)
(Earth Observatory 2013)


	Ms. Q then asks the whole class to discuss the graphs and construct an argument about which graph contains stronger evidence. Ali notices that one graph includes a much longer span of time, "and climate is supposed to be a long term thing." Jenni says, "this graph has four lines from scientists all over the world that all show the same ups and downs. That shows science is repeatable, and I like that." To conclude the lesson, students write letters to the editor in response to the Daily Mail article articulating their argument. 



	Connections to the CA NGSS:

Science and engineering practices
Disciplinary core ideas
Crosscutting concepts
Obtaining and evaluating information; Engaging in argument from evidence
ESS3.D Global Climate Change (analyzing geoscience data about the rate of climate change is part of HS-ESS3-5)
Scale (timescales of the graphs)


	Connections to the CA CCSSM: MP. 1, MP. 2, MP. 3

	Connections to CA CCSS for ELA/Literacy: WHST.9-10.4, WHST.9-10.6, WHST.9-10.9, WHST.9-10.10, RST.9-10.1, RST.9-10.7, RST.9-10.9.

	Connection to CA ELD Standards : ELD.PI.9-10.1.Ex, ELD.PI.9-10.2.Ex, ELD.PI.9-10.3.Ex, ELD.PI.9-10.6a-b.Ex, ELD.PI.9-10.11a.Ex, ELD.PII.9-10.1.Ex

	Connections to the CA EP & Cs: EP & C Principle II



The CA NGSS, students combine their general understanding with computational thinking by using simple computer simulations
 to model the flow of energy into and out of the Earth and the role that CO2 and other greenhouse gases play in that process (HS-ESS2-4). Scientists use simulators of Earth’s climate called global climate models (GCM’s) that are much more detailed and include many other processes and interactions between Earth systems. The assessment boundary of HS-ESS3-6 states that students should not be required to run their own models, though simplified versions of GCM’s exist for educational purposes
,
. The advantage of these models is that they enable students to turn on and off different parts of the Earth system to see how they affect the climate. For example, students can compare a model of the Earth without the biosphere to a model that includes the biosphere. As CO2 increases in the atmosphere, plant growth flourishes and decreases the impact of global warming. This is an example of a balancing feedback. Comparing a model that allows ice to melt with one in which ice is not allowed to melt reveals the reinforcing feedback shown in Error! Reference source not found.. Examining the predictions of computer models is another form of analyzing and interpreting data and can help build on students’ mental models of the climate system. Models, as defined in the CA NGSS, represent a system that allows for predicting outcomes, so the output of a computational model can sometimes be more useful at anticipating the future than simply examining historical data. Ultimately, students need to be able to communicate their mental model by describing specific feedbacks in the Earth system using an argument (HS-ESS2-2). In a classroom, different student teams could examine different elements of the Earth system, using teacher-provided results of model runs or creating their own with educational GCM’s. They could then compile brief reports to share with their classmates about the effects of these different processes on global climate. 


Another crucial observation about Earth’s climate is that the concentration of CO2 and other greenhouse gases in our atmosphere has been growing steadily since the dawn of the industrial era. Students should be able to make connections to the previous unit and know that the vast majority of this increase comes from humans’ extraction and combustion of fossil fuels. GCMs allow scientists and students to see how the climate is expected to change as greenhouse gases trap more energy in the atmosphere. Because of the linkages between different components of Earth’s systems, the impacts extend to all of Earth’s systems (Figure 15 shows an example of a few of these linkages). In a classroom, different student groups could obtain information from library and internet resources to construct a report on the impact predicted for different parts of the world so that the class as a whole could create a product to share with the rest of their school that summarizes the global impacts (HS-ESS3-6). 


The rest of the units in this course investigate different Earth systems and their interactions. By placing climate change early in the course, teachers can use climate impacts in California as a common thread that highlights the interdependence of Earth’s systems (ESS2.A). This document describes specific climate impacts in each of the subsequent units. 
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Figure 15. One example of how humans affect the climate, which impacts all parts of Earth's systems. Image credit: (Figure by A. Sussman)


Ultimately, any discussion of climate change should also begin to explore technological solutions that could reduce emissions of greenhouse gases. In a classroom, students can calculate their own carbon footprint to further understand how they contribute to the human impacts on the global carbon cycle. They can explore renewable energy options and debate the pros and cons of each possible energy source for meeting society’s needs
 (HS-ESS3-2, HS-ETS1-1). They can complete the project by creating another summary product for their school that documents some steps that individuals could take to reduce their impact on the climate system, or recommend broader actions that their school and community could take that will have an even larger impact. 
	Chemistry- Unit 6: The Dynamics of Chemical Reactions

	Guiding Questions:

· How can you alter chemical equilibrium and reaction rates?

· How can you predict the relative quantities of products in a chemical reaction?

	Scientific and Engineering Practices: 

· Engaging in argument from evidence
· Developing and using models
· Using mathematical and computational thinking
· Constructing explanations
· Designing solutions

	Crosscutting concepts: 

· Patterns
· Energy and matter
· Stability and change
· Cause and effect

	Students who demonstrate understanding can:

HS-PS1-5. Apply scientific principles and evidence to provide an explanation about the effects of changing the temperature or concentration of the reacting particles on the rate at which a reaction occurs. [Clarification Statement: Emphasis is on student reasoning that focuses on the number and energy of collisions between molecules.] [Assessment Boundary: Assessment is limited to simple reactions in which there are only two reactants; evidence from temperature, concentration, and rate data; and qualitative relationships between rate and temperature.] 
HS-PS1-6 Refine the design of a chemical system by specifying a change in conditions that would produce increased amounts of products at equilibrium.* [Clarification Statement: Emphasis is on the application of Le Chatelier’s Principle and on refining designs of chemical reaction systems, including descriptions of the connection between changes made at the macroscopic level and what happens at the molecular level. Examples of designs could include different ways to increase product formation including adding reactants or removing products.] [Assessment Boundary: Assessment is limited to specifying the change in only one variable at a time. Assessment does not include calculating equilibrium constants and concentrations.]
HS-PS1-7 Use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using mathematical ideas to communicate the proportional relationships between masses of atoms in the reactants and the products, and the translation of these relationships to the macroscopic scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on assessing students’ use of mathematical thinking and not on memorization and rote application of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex chemical reactions.] 
HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples should include climate feedbacks, such as how an increase in greenhouse gases causes a rise in global temperatures that melts glacial ice, which reduces the amount of sunlight reflected from Earth’s surface, increasing surface temperatures and further reducing the amount of ice. Examples could also be taken from other system interactions, such as how the loss of ground vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.]
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: Emphasis is on modeling biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including humans), providing the foundation for living organisms.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an evidence-based forecast of the current rate of global or regional climate change and associated future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data and climate model outputs, are for climate changes (such as precipitation and temperature) and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean composition).] [Assessment Boundary: Assessment is limited to one example of a climate change and its associated impacts.]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth systems and how those relationships are being modified due to human activity. [Clarification Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere, cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic biomass on land and an increase in ocean acidification, with resulting impacts on sea organism health and marine populations.] [Assessment Boundary: Assessment does not include running computational representations but is limited to using the published results of scientific computational models.]
HS-LS2-1. Use mathematical and/or computational representations to support explanations of factors that affect carrying capacity of ecosystems at different scales. [Clarification Statement: Emphasis is on quantitative analysis and comparison of the relationships among interdependent factors including boundaries, resources, climate, and competition. Examples of mathematical comparisons could include graphs, charts, histograms, and population changes gathered from simulations or historical data sets.] [Assessment Boundary: Assessment does not include deriving mathematical equations to make comparisons.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 
HS-ETS1-2 Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts. 
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem. 

	Significant Connections to California’s Environmental Principles and Concepts

Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from and can alter.

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.

Principle V Decisions Affecting Resources and Natural Systems are Complex and Involve Many Factors.


Background for Teachers and Instructional Suggestions

In earlier units, students developed an understanding that the chemical and physical structure of molecules is made from atoms bound together by the formation of chemical bonds. In this unit students expand their understanding of chemical reactions as processes where these bonds are broken apart, typically because two or more molecules collide, and the atoms are rearranged, resulting in molecules with new properties. Matter is conserved in that the same set of atoms is present in the final state (product) as was there in the initial state (reactant). By the completion of this unit, students are able to use stoichiometric principles as evidence of, and examples of, the conservation of matter. Students must be able to explain the relationship between the mathematics of chemical equations and the conservation of matter (HS-PS1-7). The most obvious way to accomplish this performance objective is by understanding and applying the basic principles of stoichiometry through laboratory investigations, problem solving, and reinforcement with apps and programs. The word “stoichiometry” derives from two Greek words: stoicheion (meaning "element") and metron (meaning "measure"). Stoichiometry is based upon the law of the conservation of mass and deals with calculations about the masses of reactants and products involved in a chemical reaction. While stoichiometry can be challenging to students and teachers alike, research shows that the more time students spent in high school chemistry on stoichiometry, the greater success they had in college chemistry courses on average (Tai, Sadler, and Loehr 2005).


The law of definite proportions, sometimes called Proust's Law, states that a chemical compound always contains exactly the same proportion of elements by mass. An equivalent statement is the law of constant composition, which states that all samples of a given chemical compound have the same elemental composition by mass. Students must learn that compounds appear in whole-number ratios of elements and that chemical reactions result in the rearrangement of these elements into other whole-number ratios. Students can develop a deeper understanding of the principles involved in HS-PS1-7 by massing and comparing the reactants and products of simple chemical reactions. For example, if students dehydrate copper sulfate pentahydrate (CuSO4.5H2O) into the anhydrous salt (CuSO4) by heating, they will find that the ratio of the mass of the resulting copper sulfate (dry mass) to water (the mass lost in dehydration) is always the same, regardless of how much copper sulfate pentahydrate is used. Students can infer that because the ratio of the component molecules in such a dehydration reaction remains constant, then the ratio of component elements must also remain constant. By applying mathematical thinking, students learn to balance chemical reactions and predict relative quantities of products. 


This unit on chemical reactions emphasizes the crosscutting concepts of stability and change. Stability refers to the condition in which certain parameters in a system remain relatively constant, even as other parameters change. Dynamic equilibrium is an example of stability in which reactions in one direction are equal and opposite to those in the reverse direction, so although changes are occurring, the overall system remains stable. Dynamic equilibrium illustrates the principle of stability in an environment undergoing constant change. If, however, the inputs are sufficiently altered, a state of disequilibrium may result, causing significant changes in the outputs. 


Once a disruption is made to a system, the speed at which chemical reactions work to re-establish that equilibrium varies depending on a number of factors. Students must be able to gather evidence to construct a scientific explanation about what causes these speed variations (HS-PS1-5). In unit 4, students developed a model of chemical reactions at the microscopic level that includes atoms colliding with one another and forming new bonds. Students can investigate the response of reaction rates to varying temperatures and concentrations of reactants (both of which make collisions between reactants more likely). For example, students can mix baking soda (sodium hydrogen carbonate, NaHCO3) and vinegar (acetic acid, CH3COOH) in sealed sandwich bags and gauge the speed and degree of reaction by the rate and amount of CO2 gas produced as indicated by the swelling of the bag: NaHCO3 (aq) + CH3COOH (aq) ( CO2 (g) + H2O (l) + CH3COONa (aq). Students can investigate the role of the quantity of molecular collisions by repeating the activity with differing concentrations of vinegar. They can then investigate the role of temperature by warming or cooling the reactants while keeping their concentrations constant. By observing the swelling of the bags in response to varying temperatures and concentrations, students should discover that those factors that increase the number and energy of molecular collisions (increased concentration and temperature of reactants) result in increased reaction rates. Combining a conceptual model with experimental evidence, students can thus provide reasoned explanations for factors influencing chemical reaction rates.


Once students understand the effect of changing the concentration of reactants and products on reaction rates, they are ready to apply their understanding to novel situations. Performance expectation HS-PS1-6 requires students to “refine the design of a chemical system by specifying a change in conditions that would produce increased amounts of products at equilibrium”. By applying Le Chatlier’s principle, students can predict ways to increase the amount of product in a chemical reaction. In order to “refine the design of a chemical system”, students must first be able to measure output and then test the effectiveness of changing the temperature and relative concentrations of reactants and products. For example, gas pressure is reduced and heat is given out when hydrogen and nitrogen combine to form ammonia (Figure 16). According to Le Chatlier’s principle, the reaction can proceed to produce more ammonia by increasing the pressure and/or by dropping the temperature. Conversely, more ammonia will decompose into hydrogen and nitrogen by lowering the pressure and/or raising the temperature. 
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Figure 16 Students should be able to apply Le Chatlier's principle to predict ways to increase the product of a chemical reaction

As students tackle HS-PS1-6, they must invoke the engineering strategies specified in HS-ETS1-2 in which they are required to “design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems”. For example, students might be challenged to increase the amount of precipitated table salt in solution [NaCl(s) ↔ Na+(aq) + Cl–(aq)] without adding more salt. By experimenting with the addition of other sodium salts, students may discover that an increase in free sodium ions shifts the reaction in favor of the precipitate. To optimize the production of sodium, students may also experiment with changes in temperature, discovering that decreases in temperature favor the production of precipitate. In doing such investigations, students are applying the engineering skill of optimization as they refine their design to increase productivity. 

Disrupting Equilibrium in the Ocean

Changes in the world’s oceans bring together all science and engineering disciplines and are an excellent way to introduce principles of chemical dynamics. There are some excellent CA NGSS aligned resources for teaching about ocean chemistry, including well-designed curriculum sequences about ocean acidification
. A good activity sequence begins by obtaining and evaluating information in order to define the problem (HS-ETS1-1). In unit 5, students saw evidence that human activities emit CO2 in the atmosphere. While the concentration of CO2 in our atmosphere is currently 40% higher than it was at the start of the Industrial Revolution, it would be even higher if it were not for the ocean. The ocean constantly exchanges CO2 with the atmosphere so that the two are in equilibrium. As the atmospheric CO2 goes up, this temporarily disrupts the balance and causes more CO2 to enter the oceans than leave. Students can examine data showing trends in CO2 concentrations in the ocean and atmosphere as evidence of a balancing feedback between two of Earth’s systems that slows the rate of climate change (HS-ESS2-2). The ocean currently absorbs more than a quarter of the annual emissions of CO2 from human activities. Students can add this fact to their quantitative model of the carbon cycle (HS-ESS2-6, ties to unit 5 of the Life Science course). 

In the ocean, CO2 molecules have no impact on the atmospheric greenhouse effect. However, the changes in the ocean are significant (EP&C Principles II, III, & IV). Students can design a simple investigation to generate CO2 (gas released by a baking soda/vinegar reaction, a combusting candle, or yeast foaming) and explore how it affects the pH using an indicator solution or probe. They find that the ocean becomes more acidic, so this environmental change is termed ‘ocean acidification.’ Students can also investigate the effect that temperature and salinity have on the ability of CO2 to dissolve into the water (HS-PS1-5).
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Figure 17. Pteropods are a delicate species of sea creature. The bottom panel shows laboratory experiments demonstrating how their shells dissolve when ocean water is too acidic. Image Credit: (Wikimedia Commons 2005; Wikimedia Commons 2004; Auster and DeGoursey 2000; Hunt et al. 2010) Bottom: (CC0) by Busch et al. (2014), http://doi:10.1371/journal.pone.0105884 

When CO2 dissolves in the ocean, the situation is more complex because the CO2 interacts with living organisms and other inorganic molecules in the seawater. Many rocks in Earth’s crust are rich in calcium, so when rivers wash material towards the ocean they bring a rich supply of calcium. While humans and other animals build bones from calcium phosphate, many marine organisms make shells by combining calcium with carbonate that forms when CO2 dissolves in seawater. While students may be familiar with some of the larger examples of these organisms like clam shells and coral, some of the most delicate plankton rely on these chemical reactions (Figure 17). Because they lie at the base of the food chain for many sea creatures, the shells of these delicate organisms are crucial for maintaining ocean ecosystems. Students apply their models of chemical equilibrium to predict the impacts of changing CO2 levels in the ocean on these organisms. There are interactions between CO2, water, and the shells made out of calcium carbonate (CaCO3) represented by a complex system of chemical reactions (Figure 18). Each reaction is a dynamic equilibrium with products and reactants constantly being created. Simplifying some of the intermediate reactions, the overall system looks like: 

CO2 + H2O + CaCO3 ⇄ Ca2+ + 2 H+ + 2 CO3–.


As students apply their model of equilibrium reactions from Le Chatelier’s principle, they see that as the concentration of CO2 increases, the system compensates by producing more products on the right side. The addition of H+ ions makes the ocean more acidic. The other important change is that CaCO3 shells dissolve into their constituent ions. Since the beginning of the Industrial Revolution, the concentration of H+ ions has increased 30%, but projections of future CO2 emissions by humans may lead to increases up to 150%. The bottom panels of Figure 17 reveal the damage that this increased acidity can have on small and delicate organisms. Students can observe these effects themselves by designing an investigation to measure the rate of shell dissolution at different pH levels. Or they can obtain information on the health of coral reefs and coral bleaching, due in part to these pH changes.
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Figure 18. A chain of chemical reactions occur when CO2 dissolves in ocean water. All of the reactions are equilibrium. The equation on the bottom summarizes the chain to help illustrate how the system changes with an increase in CO2. Image Credit: (CC-BY-NC-SA) by M. d’Alessio


Shell damage is not the only problem marine organisms face as more CO2 dissolves in the ocean. The chemistry also makes it harder for them to produce them in the first place. In the engineering task of HS-PS1-6, the clarification statement indicates that the design challenge only needs to involve two reactants, but the mental model of chemical reactions they develop to meet that PE can be applied to understanding this more complex system. Chemical equations are essentially models of these complicated systems, and sometimes different representations of the same system reveal different features. Using a different combination of the intermediate reactions in Figure 18, the same chemical system can also be represented by: 
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This representation indicates that both CO2 and Ca2+ want to react with the carbonate ion, so increasing CO2 decreases the carbonate available for shell production. (Further inspection of Figure 18 shows that HCO3– dissociates to hydrogen and carbonate, and one might think that the carbonate could be used for shell making. While an increase in CO2 does lead to an increase in carbonate ions, it also leads to an equal increase in hydrogen ions without increasing the concentration of calcium. These hydrogen ions form a tighter, more energetically favorable bond to carbonate than calcium.) Organisms are less likely to encounter carbonate ions that are not already interacting with hydrogen ions, and have trouble building shells. This will result in slower shell production (leaving the organisms vulnerable for a longer time period) or reliance on additional chemical reactions to liberate the carbonate ions from hydrogen (which would require the organism to invest more energy in shell production, leaving less energy for things like reproduction and evading predators). 

Students can use a computer simulator to explore the overall effects of ocean acidification on different organisms and actions that people could take to slow acidification
 (HS-ESS3-6, HS-LS2-1, HS-ETS1-4, EP&C’s II, III). They can add CO2 until the atmospheric concentration matches possible emissions scenarios and examine the impact this will have on different populations of marine life (HS-ESS3-5). Students culminate the unit with a mock summit where they play the part of different stakeholders in the processes contributing to ocean acidification, including residents of a small fishing village, oil company executives, marine geochemists, tour boat operators at the Great Barrier Reef, and more (CA EP&C V). To engage in a meaningful argument, they will need to obtain and evaluate information about their assigned character’s role in the problem and relevant scientific findings that may support this character’s view about ocean acidification (HS-ETS1-3). Though each stakeholder makes a contribution to the system, students will need to break apart the problem into pieces and propose solutions that address the components that their character may be able to influence (HS-ETS1-2). 
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