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Student Questions
(for “Sinkholes: Chemistry Goes Deep”)

1. What percent of the land area in the U.S. is susceptible to sinkhole formation?
2. What are the major features of karst topography where sinkholes often form?
3. What is the chemical name and formula for limestone?
4. What is the source of most calcium carbonate in limestone deposits?
5. Name three things that are made of calcium carbonate, in addition to limestone.
6. What would you observe if you place an egg shell in a container of vinegar?
7. What is the pH of rain, and is that acidic or basic?
8. Name the acid that forms when water and carbon dioxide react. Is it a strong or weak acid?
9. What are the warning signs that a sinkhole may be forming?
Answers to Student Questions
(for “Sinkholes: Chemistry Goes Deep”)
1. What percent of the land area in the U.S. is susceptible to sinkhole formation?
About 20% of the land area in the U.S. is susceptible to sinkhole formation, with these states at the most risk: Florida, Pennsylvania, Kentucky, Tennessee, Missouri, Alabama, and Texas.
2. What are the major features of karst topography where sinkholes often form?

Karst terrain is a region where limestone is the bedrock. Limestone will react with weak acids, and as acidic groundwater seeps into the bedrock, crevices are slowly formed. As these enlarge over time, sinkholes form.
3. What is the chemical name and formula for limestone?
Limestone’s chemical name is calcium carbonate, and its formula is CaCO3. 
4. What is the source of most calcium carbonate in limestone deposits?
Most limestone, CaCO3, comes from the shells of dead marine organisms like corals. As the organisms die their shells build up layer by layer to form the limestone deposit. Marine organism shells are most often made up of calcium carbonate.
5. Name three things that are made of calcium carbonate, in addition to limestone.
The article mentions four things made of calcium carbonate—marble, chalk, Tums antacid tablets, and eggshells.

6. What would you observe if you place an egg shell in a container of vinegar?
You would observe bubbles emanating from the egg shell surface if placed in vinegar. The bubbles would be carbon dioxide, one of the products of the chemical reaction between the egg shell and vinegar.
7. What is the pH of rain, and is that acidic or basic?
The pH of rain is about 5.6. That makes it acidic.
8. Name the acid that forms when water and carbon dioxide react. Is it a strong or weak acid?
The acid that forms when carbon dioxide mixes with water is carbonic acid, H2CO3, and it is a weak acid.
9. What are the warning signs that a sinkhole may be forming?
The article mentions several warning signs of a sinkhole forming: “dying vegetation, sudden appearance of standing water, muddy well water, cracks in the ground, and fence posts or signs that appear to be slumped over. In your home, look for crumbling foundations, or doors and windows that do not shut properly.” 
Anticipation Guide

Anticipation guides help engage students by activating prior knowledge and stimulating student interest before reading. If class time permits, discuss students’ responses to each statement before reading each article. As they read, students should look for evidence supporting or refuting their initial responses.
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Most sinkholes in the United States occur in the Midwest.



	
	
	2. Sinkholes occur all over the world.

	
	
	3. Sinkholes are often caused by human activity.

	
	
	4. Sinkholes may form if the pressure above the soil is lowered.

	
	
	5. Areas with limestone bedrock are more susceptible to sinkholes.

	
	
	6. Acid rain can contribute to sinkhole formation.

	
	
	7. Carbonic acid is made from water and carbon dioxide.

	
	
	8. Decaying organic material can produce carbon dioxide, which dissolves in groundwater to make it basic.

	
	
	9. There is no way to predict where a sinkhole might form.

	
	
	10. Carbonated soft drinks contain carbonic acid.


Reading Strategies  
These graphic organizers are provided to help students locate and analyze information from the articles. Student understanding will be enhanced when they explore and evaluate the information themselves, with input from the teacher if students are struggling. Encourage students to use their own words and avoid copying entire sentences from the articles. The use of bullets helps them do this. If you use these reading strategies to evaluate student performance, you may want to develop a grading rubric such as the one below.

	Score
	Description
	Evidence

	4
	Excellent
	Complete; details provided; demonstrates deep understanding.

	3
	Good
	Complete; few details provided; demonstrates some understanding.

	2
	Fair
	Incomplete; few details provided; some misconceptions evident.

	1
	Poor
	Very incomplete; no details provided; many misconceptions evident.

	0
	Not acceptable
	So incomplete that no judgment can be made about student understanding


Teaching Strategies: 

1. Links to Common Core Standards for writing: Ask students to revise one of the articles in this issue to explain the information to a person who has not taken chemistry. Students should provide evidence from the article or other references to support their position.

2. Vocabulary that is reinforced in this issue:

· Solvent

· Amphoteric compounds

· Semiconductor

· Structural formulas 

· Polymerization

3. To help students engage with the text, ask students which article engaged them most and why, or what questions they still have about the articles.

Directions:  As you read the article, use your own words to complete the graphic organizer regarding sinkholes.
	Where they are often found
	1.

2.



	Unusual sinkholes
	1.

2.

3.



	Chemistry of sinkhole formation
	

	How to detect sinkholes
	1.

2.

3.


Background Information
(teacher information)
More on sinkholes and their geology 


The article describes the phenomenon of sinkholes and the way they form. From a science point of view sinkholes are interesting because the processes that cause them are hidden from view under the surface of the Earth. Sinkholes, then, might be considered “black boxes.” For the scientist a black box is a phenomenon that is known to exist but the processes that cause the process to occur are hidden from view. Many chemical processes might be considered black boxes because we can see the evidence of change at a macroscopic level but the microscopic changes going on at the atomic level cannot be observed directly. 


In the case of sinkholes, the chemistry that causes them to occur takes place slowly and out of sight, and only when the sinkhole actually occurs can we see some evidence of what went on underground. Only at this point are we able to open the “black box.” So the event we call a sinkhole can be thought of as the macroscopic event that is caused by a series of microscopic events—chemical changes. 

 
The U.S. Geologic Survey describes sinkholes macroscopically this way:

A sinkhole is an area of ground that has no natural external surface drainage--when it rains, all of the water stays inside the sinkhole and typically drains into the subsurface. Sinkholes can vary from a few feet to hundreds of acres and from less than 1 to more than 100 feet deep. Some are shaped like shallow bowls or saucers whereas others have vertical walls; some hold water and form natural ponds. Typically, sinkholes form so slowly that little change is noticeable, but they can form suddenly when a collapse occurs. Such a collapse can have a dramatic effect if it occurs in an urban setting.

(http://ga.water.usgs.gov/edu/sinkholes.html)


Sinkholes are one phase of a more general geologic phenomenon called subsidence, which is a gradual or sudden sinking of the Earth’s surface due to movement of earth materials below the surface. It occurs all over the world, and in the United States, more than 17,000 square miles are affected. Included in the causes, in addition to sinkholes, are the compacting of aquifers, drainage of organic soils, and underground mining. Most subsidence is related to human attempts to utilize underground water for development of residential, commercial or industrial projects. 


If we take a somewhat broader view of underground water, we see that it is part of the hydrologic cycle. But because we are not able to see the movement of underground water, this phase of the cycle is not as well known as the “evaporation-condensation-precipitation” phases that are described in many textbooks. However, the behavior of underground water is extremely important because many people depend on underground water for their lives and living.

There are two water-bearing zones underground—the unsaturated zone and the saturated zone. In the unsaturated zone, which is closer to the surface above the actual water table, the spaces between grains of gravel, soil and clay and cracks, crevices and voids within rocks are filled with both water and air. The water is held here by adhesive forces, and water is also moved through the voids by these forces which are the causes of capillary action. This is the water that is absorbed directly by plant roots. 

On the other hand, in the saturated zone water fills all the spaces. This region is called an aquifer and the upper surface is called the water table. This water is free to move but does so at varying rates. Water moves through aquifers into streams, rivers and low-lying areas at rates depending on the permeability of the aquifer rock. It may also be removed from the aquifer via wells. Most groundwater eventually moves out of its aquifer. Groundwater may move several meters in a day or only a few centimeters in a century, depending on the rock that forms the aquifer. For more on groundwater movement see http://pubs.usgs.gov/circ/circ1139/htdocs/boxa.htm. Rainwater recharges aquifers, and if the rainwater is acidic and if the aquifer is limestone, as described in the article, it will react with the rock, eroding it away slowly.
The article indicates that sinkholes occur typically in parts of the country with what is called karst terrain. Here is the description of karst terrain offered by the United States Geologic Survey:

Karst is a terrain with distinctive landforms and hydrology created from the dissolution of soluble rocks, principally limestone and dolomite [another carbonate rock]. Karst terrain is characterized by springs, caves, sinkholes, and a unique hydrogeology that results in aquifers that are highly productive but extremely vulnerable to contamination. In the United States, about 40% of the groundwater used for drinking comes from karst aquifers.
Some karst areas in the United States are famous, such as the springs of Florida, Carlsbad Caverns in New Mexico, and Mammoth Cave in Kentucky, but in fact about 20 percent of the land surface in the U.S. is classified as karst. Other parts of the world with large areas of karst include China, Europe, the Caribbean, and Australia.
(http://water.usgs.gov/ogw/karst/pages/whatiskarst)


Refer to the map below to see the location of major karst terrain regions in the United States. The colors on the map simply identify major limestone aquifers by name. To see the names, click on the link.
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 (https://water.usgs.gov/ogw/karst/) 

The article says that the material making up bedrock in karst areas is either limestone or dolomite, both of which are carbonate rocks. Limestone is calcium carbonate, CaCO3, and dolomite is calcium magnesium carbonate CaMgCO3. Both of these minerals are insoluble in water but soluble in slightly acidic solution. This behavior is critical to an understanding of sinkhole formation. This chemistry will be explored below (see “More on sinkhole chemistry”).

There are three types of sinkholes—dissolution, cover-subsidence and cover collapse. Dissolution is the process of dissolving, so dissolution sinkholes form when water that is weakly acidic percolates down into the soil, slowly dissolving carbonate rock as it goes, carrying the dissolved carbonate away as the solute. Over time the spaces created in the rock enlarge and when the space is so large that the topsoil above can no longer be supported, a sinkhole occurs. See diagram below.
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(http://ga.water.usgs.gov/edu/sinkholes.html)
Cover-subsidence sinkholes develop gradually where the topsoil sediments are very porous, like sandy soil. These sinkholes form because the sandy topsoil is carried into the bedrock creating typically shallow depressions as in the diagram below.
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(http://ga.water.usgs.gov/edu/sinkholes.html)
Cover-collapse sinkholes occur where the topsoil contains a lot of clay. Over time, surface drainage, erosion, and deposition cause a sinkhole that produces a shallow bowl-shaped depression.
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(http://ga.water.usgs.gov/edu/sinkholes.html)

New sinkholes are often caused by human land-use practices, especially from groundwater pumping and from construction and development. Sinkholes can also form when natural water-drainage patterns are changed and new water-diversion systems are developed. Some sinkholes form when the land surface is changed, such as when industrial and runoff-storage ponds are created. The substantial weight of the new material can trigger an underground collapse of supporting material, thus causing a sinkhole.

More on sinkhole chemistry


Let’s turn our attention now to the microscopic causes of sinkholes and look at the chemistry behind them. Recall that karst terrain where sinkholes are most likely to form is characterized by aquifers consisting of carbonate rock. One main type of carbonate rock is limestone, which is the chemical substance calcium carbonate, CaCO3, the first key chemical in understanding sinkhole formation. Limestone is a sedimentary rock in which the carbonate may be sourced from the skeletons of marine organisms like coral, or it may be derived from the physical erosion of other carbonate geologic materials. The properties of calcium carbonate are:


Molar mass  =  100.09 g/mol


Appearance  =  fine white powder


Odor  =  odorless


Density  =  2.7 g/cm3

Melting point  =  825 oC 


Boiling point  =  decomposes  [CaCO3  (  CaO  +  CO2]


Solubility in water  =  0.0013 g/100mL water at 25 oC


Solubility in dilute acids  =  soluble


Crystal structure  =  trigonal


The other key chemical in sinkhole formation is carbonic acid solution. As described below, the acid H2CO3 is formed when carbon dioxide dissolves in water. A relatively small percent of CO2 molecules actually dissolve. The degree of dissolving depends primarily on the partial pressure of carbon dioxide which under ambient conditions is 0.000355atm (0.00244 kPa). Consequently, the hydration equilibrium constant for carbonic acid is:


CO2  +  H2O  (  H2CO3
Ka  =  [ H2CO3 ] / [ CO2 ]  =  1.7 x 10-3
This process of dissolving occurs both in the atmosphere, as rain falls through the atmosphere which contains carbon dioxide, and in the soil, as rainwater seeps through the soil where carbon dioxide exists as a result of the decomposition of organic materials.


The acid is diprotic, and the hydrogen ions dissociate in two steps, the first of which produces the bicarbonate ion, HCO31- (also known—more universally—as the hydrogen carbonate ion).
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H2CO3    HCO31-  +  H+
Ka1  =  4.6 x 10−7 mol/L

The bicarbonate ion further dissociates to form the carbonate ion, CO32-, according to this equation:
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HCO31-     CO32-  +  H+
Ka2  =  4.69 x 10−11 mol/L

Both acids, H2CO3 and HCO31-, are weak acids, which means that they dissociate to a small degree as indicated by the acid dissociation constant (Ka) values immediately above. For a more detailed explanation of these relationships, see http://ion.chem.usu.edu/~sbialkow/Classes/3650/Carbonate/Carbonic%20Acid.html. 

The two most important chemical substances, then, in sinkhole formation are calcium carbonate and carbonic acid solution. The chemical reaction between these two substances is the fundamental mechanism of sinkhole formation. 


Critical to the discussion of sinkhole formation is calcium carbonate’s very limited solubility in water (see data above). It is actually considered insoluble in water. In water solution, solid calcium carbonate forms an equilibrium with its ions:
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(1)
CaCO3 Ca+2  +  CO3-2


The solubility product (Ksp) for CaCO3 is 3.7 x 10-9 at 25 oC, which indicates its relative insolubility. How, then, can rainwater filtering through the limestone aquifer create a sinkhole if the limestone is relatively insoluble in water?


The article provides the reason. The article reminds us that rainwater is not neutral but mildly acidic as a result of the interaction between rainwater and carbon dioxide and other gases like oxides of sulfur and nitrogen in the atmosphere. “Normal” rainwater has a pH of about 5.6–5.7 due to the natural presence of carbon dioxide in the atmosphere. As rain falls through the atmosphere, some of the gas dissolves to make a weak acid solution of carbonic acid:
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(2)
CO2  +  H2O    H2CO3

As mentioned previously, the H2CO3 then partially dissociates to form a hydrogen ion and a hydrogen carbonate ion, 
(3)
H2CO3 H+  +  HCO31–

thus forming a weak acid which will now be able to react with the calcium carbonate according to this net reaction:

(4)
CaCO3  +  H2CO3 Ca2+  +  2HCO31-
In this last reaction the calcium carbonate is the solid substance that forms the karst terrain bedrock. The H2CO3 is the result of carbon dioxide dissolving in precipitation and seeping into the ground. 

The two ions produced in equation (4), Ca2+ and HCO31-, are soluble in water and are carried away from the reaction site by the movement of water in the aquifer. If the process occurs in one region over a long period of time, the limestone is worn away chemically and a sinkhole may be the result. It is important to note that the acid is a weak acid and, therefore relatively few ions are produced, thus limiting the rate of the chemical reaction. That is why it may take many years for a sinkhole to develop in a given region.


Note that reactions above are interrelated equilibria and are connected in a reaction system in nature. We can think about the relationship between these reactions. 

 (2–3)
    CO2 (g)  +  H2O (l)  [image: image5.png]


  H2CO3 (aq)  [image: image6.png]


  H+ (aq)  +  HCO31- (aq)

(4)

     CaCO3 (s)  +  H2CO3 (aq)  [image: image7.png]


  Ca2+ (aq)  +  2 HCO31- (aq)
The degree to which equation (2-3) shifts to the right depends on the concentration (or partial pressure) of carbon dioxide in the air. As CO2 reacts with water, an acidic solution is formed. The greater the concentration of CO2, the more acidic is the resulting solution. In a more acidic carbonic acid solution, calcium carbonate will dissolve to a greater degree, resulting in soluble ions in solution. And these ions will be carried away as the water moves through the aquifer. The result will be an erosion of the aquifer rock and perhaps the formation of a sinkhole. 

And if we apply Le Châtelier’s principle we see that an increase in atmospheric carbon dioxide will shift equation (2) to the right, increasing the amount of carbonic acid produced, which, in turn, will increase the rate of dissolution of limestone in equation (4). Current data indicates that atmospheric concentrations of CO2 have been increasing. This increasing concentration also results in the pH levels of precipitation decreasing below 5.6 due to the increased availability of CO​2 in the atmosphere and, therefore, increasing the possibility of sinkhole formation. On the other hand, a decrease in CO2 concentration shifts equation (4) to the left producing more of the insoluble carbonate. In the following paragraphs about cave formation we will see why this is important.


The above reasoning is not quite straightforward, however. As a result of increased concentrations of greenhouse gases like carbon dioxide, the temperature of the atmosphere is increasing. We know that gases like carbon dioxide are less soluble in water as temperature increases. This leads us to suggest that temperature increases will, in fact, decrease the solubility of calcium carbonate due to lower concentrations of carbonic acid in rain water caused by the lower solubility of CO2 into water from the atmosphere. At the depths at which we find the water table, however, temperature fluctuations are negligible, so temperature is not much of a factor in sinkhole formation. But later in this section we will see a set of circumstances where temperature plays a role in the solubility of calcium carbonate.


Sinkholes are only one part of the chemical erosion process described above. As water moves through limestone aquifers, it is possible that the bulk of the rock being eroded is far enough below the surface that rock above is sufficiently thick so as to remain in place rather than forming a sinkhole. In this case, the opening that results is called an underground cave. And if several caves are joined, then the combination is called a cavern. There are many well-known limestone caves and caverns throughout the United States. See http://en.wikipedia.org/wiki/Category:Limestone_caves for a list of limestone caves and caverns.


Caves tend to form at about the level of the water table. It is here that carbonic acid solution is able to dissolve limestone most easily. It takes thousands of years for limestone caves to form. When we visit one of these caves we often see various formations on the walls and floors of the cave. These formations are called speleothems. In order for speleothems to form the rocks surrounding and forming the cave must be at least 80% calcium carbonate. The bedrock must be highly fractured so that water can move through it easily. 

The best known of these speleothems are stalactites and stalagmites. A stalactite begins to form when a single drop of dissolved limestone solution begins to drip from a fracture inside a cave. As it hangs in place briefly some of the dissolved carbon dioxide escapes from solution and causes some of the dissolved calcium carbonate to precipitate from solution, beginning the stalactite formation. As more drops enter the cave at the same spot, the stalactite enlarges at a rate of about one half inch every 100 years.

When drops of limestone solution fall to the bottom of the cave they leave behind only some of their dissolved calcium carbonate as stalactites. As they hit the bottom of the cave more carbon dioxide leaves solution and, as a result, more calcium carbonate is deposited on the cave floor, forming a stalagmite. We often find stalactites and stalagmites in pairs, and occasionally they join to form a column.

Suppose the water moving through an aquifer does not end up in a cave. Suppose land owners drill a well to remove water from the aquifer for irrigation or for domestic use. That water will contain the dissolved calcium ions (and bicarbonate and carbonate ions) from the chemical erosion of carbonate rock. Even if the water supplied to a home comes from a municipal water treatment plant, calcium ions will still likely be present. And that water will be considered hard water.

Hard water is water that contains cations with a +2 charge, especially Ca+2 and Mg+2. Hard water has only mild and indirect health effects, but the dissolved ions make it difficult to form lather with soap. Hard water can also damage a home’s water heater, water pipes and pots and pans used to heat water. The damage is caused by the formation of calcium carbonate (or magnesium carbonate) deposits on surfaces that are used to heat water. As the water is heated, carbon dioxide becomes less soluble. This shifts the equilibrium in equations (2-3) above to the left and the effect on equation (4) is the formation of solid calcium carbonate. It deposits on heating elements in water heaters, on the inside surface of hot water pipes, on dishwashers, in bath tubs, in coffee makers and other appliances that contain hot water. 

Another somewhat related effect involving carbonic acid and carbonates is the fact that as atmospheric concentrations of carbon dioxide increase, more of the gas is dissolved in the oceans, therefore making the oceans more acidic. One result of this is that coral and other organisms that have carbonate shells or skeletons have more difficulty making and maintaining their shells. This, in turn weakens corals reefs, habitat to a diverse collection of marine organisms. 

This deposition of calcium carbonate from hard water is the result of the same process by which cave formations are created. In general, the carbon dioxide-carbonate-bicarbonate relationship is important in multiple ways in the environment. Students should understand that these chemical reactions and chemical pathways go on all the time, naturally and unseen, with consequences like sinkholes, cave formations and hard water. It is worthwhile, then, to point out to students that the series of chemical reactions described in this section of the Teacher’s Guide, acting over long time periods, are the mechanisms by which sinkholes form. 

Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Solubility—The relative insolubility of calcium carbonate in water and its increased solubility in acids is a key concept in sinkhole formation. In addition, the solubility of carbon dioxide in water to form a weak acid completes the conditions needed for sinkhole formation.

2. Equilibrium—Formation of a weak acid, carbonic acid, and the carbonate-bicarbonate interaction are both examples of equilibrium concepts in this article. Changes occur because of shifts in these equilibria.

3. Hydrologic cycle—The fact that in this article groundwater plays an important role provides a reason to expand student understanding of the hydrologic cycle, which often omits the role of groundwater.

4. Geochemical cycles—the chemical processes that produce sinkholes are examples of the relationships between chemistry and geology.
5. Acids and pH—The pH-dependence of calcium carbonate solubility and formation of weak acids in the formation of sinkholes provides an opportunity to reinforce these concepts with students.

Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Groundwater is separate from the water cycle.” Many times we think of the hydrologic cycle as surface water and atmospheric water, but groundwater is an important part of the water cycle.
2. “Groundwater flows quickly in underground rivers. That’s what washes away the rock, leaving the sinkhole.” The article describes the fact that the acidic groundwater flows very slowly through small openings between particles of silt, sand gravel and clay and fractures in limestone rock, requiring many years before a sinkhole is formed.

Anticipating Student Questions 
(answers to questions students might ask in class)
1. “Are there other gases that can dissolve in water to form acids and cause sinkholes?” Yes. Other gases include oxides of sulfur and oxides of nitrogen. These oxides are readily soluble in water and so form acid solutions in the atmosphere known as acid rain. As that precipitation falls to Earth and enters the groundwater system, the acid can erode limestone bedrock in the same way that carbonic acid does.
2. “What happens to the acidic water after it erodes the limestone?” As noted above, water in an aquifer moves at varying rates depending on the porosity of the rock. Eventually it may empty into existing bodies of water like lakes or streams, or it may be withdrawn from the aquifer to be used for irrigation or drinking water. Note that it will carry the dissolved calcium and bicarbonate ions with it throughout its journey.
3. “The article mentions the largest known sinkholes. Where are others? ” Sinkholes occur almost daily. For photos and descriptions of hundreds of sinkholes, see http://thesinkhole.org/2014/01/.

In-class Activities 
(lesson ideas, including labs & demonstrations)
1. Imagination Station gives a simple procedure and explanation for the eggshell-vinegar experiment mentioned in the article: https://imaginationstationtoledo.org/content/2011/04/how-to-make-a-naked-egg/.

2. The article mentions that some antacid tablets contain calcium carbonate. Here’s a procedure to analyze antacids by titration: http://www.cod.edu/dept/chem/poc/Experiments/Antacid-02/Antacid.htm.
3. Here’s another antacid titration procedure: http://faculty.css.edu/bjsjohns/CHM%201020/Lab%20Experiments/Antacid%20Tablet%20Titration.pdf. 

4. Geology.com provides a procedure for the acid-carbonate mineral test and background on carbonates. Students can follow this procedure to observe the effect of carbonic acid on limestone rock. (http://geology.com/minerals/acid-test.shtml)

5. The U.S. Environmental Protection Agency created a lab activity about carbon dioxide, indicators, pH and ocean acidification that students can do. (http://www.epa.gov/climatestudents/documents/corals-and-chemistry.pdf)

6. The American Chemical Society’s Middle School Chemistry page has a series of lab activities for students about carbon dioxide and acids. (http://www.middleschoolchemistry.com/lessonplans/chapter6/lesson10)

7. Students can simulate sinkhole formation in the lab by following this simple procedure: http://www.earthsciweek.org/forteachers/sinkholes.html.

8. The United States Geological Survey created templates for sinkhole geography models that can be cut out of paper and assembled. (http://www.usgs.gov/education/animations/karst97-536/karst.pdf)

9. This lab activity on the solubility of calcium carbonate is part of Northwestern University’s Climate Curriculum: http://osep.northwestern.edu/sites/default/files/Solubility%20of%20Calcium%20Carbonate_ALL.pdf.

Out-of-class Activities and Projects 
(student research, class projects)
1. Assign students or teams of students to research incidents of sinkhole formation in their region or state. The best place to start is the state department of environmental resources.
2. Students can collect photos and descriptions of sinkholes in their part of the country and prepare a class display.

References 
(non-Web-based information sources)


Tanis, D. Underground Sculpture. ChemMatters 1984, 2 (1), pp 10–11. The formation of stalactites and stalagmites in limestone caves is explained here. These processes are the reverse of those in sinkhole formation. 


Poscover, G. What’s That Fizz. ChemMatters 1984, 2 (1), pp 4–5. This article considers the dissolving on carbon dioxide in water in carbonated beverages, not in acid rain. However, some important relationships are discussed.

Kimbrough, D. Caves: Chemistry Goes Underground. ChemMatters, 2002, 20 (2), pp 7–9. Like the 1984 article referenced above, this article describes the chemistry of stalactites and stalagmites and includes a sidebar on sinkholes.

Web sites for Additional Information 
(Web-based information sources)
Web sites on sinkhole geography

The state of Florida Department of Environmental Protection has multiple resources on sinkholes. (http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm)

A very long and detailed examination of ground water and surface water, including sections on karst terrain and the hydrologic cycle is included on the United States Geologic Survey site. (http://pubs.usgs.gov/circ/circ1139/)

This is the section on karst terrain from the previous citation: http://pubs.usgs.gov/circ/circ1139/htdocs/boxl.htm. 

Many individual states have Web pages on sinkholes. Here is a sampling:

Florida: http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm 

Pennsylvania: http://www.dcnr.state.pa.us/topogeo/hazards/sinkholes/
Arizona: http://www.azgs.az.gov/arizona_geology/winter09/article_devilskitchen.html 

Missouri: https://www.dnr.mo.gov/geology/geosrv/envgeo/sinkholes.htm 

Virginia: https://www.dmme.virginia.gov/dgmr/sinkholes.shtml 

Wisconsin: http://wisconsingeologicalsurvey.org/sinkholes.htm 

Utah: http://geology.utah.gov/surveynotes/geosights/sinkhole.htm
Kentucky: http://www.uky.edu/KGS/gis/sinkpick.htm 

Maryland: http://www.mgs.md.gov/geology/geohazards/engineering_problems_in_karst.html 

Kansas http://www.kgs.ku.edu/Publications/Bulletins/162/10_app_d.html 

Web sites on sinkhole geology

The state of Florida Department of Environmental Protection has multiple resources on sinkholes. (http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm)


The U.S.G.S. provides a site on the geology of sinkholes here: http://www.usgs.gov/blogs/features/usgs_top_story/the-science-of-sinkholes/. 


Another U.S.G.S. site on sinkholes describes types of sinkholes: http://water.usgs.gov/edu/sinkholes.html.


This is a U.S.G.S. site on karst terrain and aquifers: http://water.usgs.gov/ogw/karst/karstphotos.html.


An overview of sinkhole formation is included on this page from National Geographic: http://news.nationalgeographic.com/news/2013/08/130812-florida-sinkhole-disney-world-explainer-urban-science/.


The topic for this U.S.G.S. site is carbonate rock aquifers, including a map and links to specific aquifers: http://water.usgs.gov/ogw/aquiferbasics/carbrock.html. 
Web sites on sinkhole chemistry 

This page lists equilibrium equations for the carbon dioxide-carbonic acid equilibrium:

http://ion.chem.usu.edu/~sbialkow/Classes/3650/Carbonate/Carbonic%20Acid.html.

 
See the state of Florida Department of Environmental Protection cited above. 


How Stuff Works has a page on sinkholes, including types and causes—but not much on sinkhole chemistry. (http://science.howstuffworks.com/nature/natural-disasters/sinkhole.htm)


Princeton University gives some data on calcium carbonate and its properties here: http://www.princeton.edu/~achaney/tmve/wiki100k/docs/Calcium_carbonate.html.


This site also gives properties of calcium carbonate and applies ideas to sinkholes and cave formations: http://www.sciencelearn.org.nz/Contexts/A-Fizzy-Rock/Science-Ideas-and-Concepts/Carbonate-chemistry.
Web sites on caves

 Basic speleothem chemistry and examples of unusual cave formations are featured on this site: http://www.jenolancaves.org.au/about/geology-of-limestone-caves/cave-formations-speleothems/.

This PBS Nova site has an interactive simulation on cave formation: http://www.pbs.org/wgbh/nova/earth/how-caves-form.html. 


This commercial site gives information on cave formation and has links to specific limestone caves in the United States: http://www.adventure-caves.com/limestone-cave.html.

The references below can be found on the ChemMatters 30-year DVD (which includes all articles published during the years 1983 through April 2013 and all available Teacher’s Guides, beginning February 1990). The DVD is available from the American Chemical Society for $42 (or $135 for a site/school license) at this site:  �HYPERLINK "http://www.acs.org/chemmatters"�http://ww.acs.org/chemmatters�. Scroll to the bottom of the page and click on the ChemMatters DVD image at the right of the screen to order or to get more information.





Selected articles and the complete set of Teacher’s Guides for all issues from the past three years are available free online on the same Web site, above. Simply access the link and click on the “Past Issues” button directly below the “M” in the ChemMatters logo at the top of the Web page. 
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