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	In this case study students will examine the chemistry of coral bleaching.
	BACKGROUND INFORMATION:
Anyone who has seen the rich and vibrant colors of a salt water aquarium can appreciate the beauty and amazing array of biodiversity present in Earth’s oceans.  Nowhere else is this important and fragile display of life as evident as it is at coral reefs.  The coral reef biomes are important ecosystems that cover less than 1 % of the ocean floor, yet provide a habitat for one-quarter of the ocean’s fish (2).  Marine scientists know that the health of the planet’s coral reefs is a good indicator of the health of our oceans, and our planet.  Recently, the coral reefs have shown signs of declining health, which is a warning sign. Studying and understanding the reasons behind the waning health of the coral reefs will help us address the health of the entire planet.
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Healthy Coral Polyps growing on secreted CaCO3. 	Bleached Coral is exposed CaCO3 with no healthy polyps.
Figure 1. Images of healthy and bleached coral samples.
Coral are carnivorous invertebrate animals related to sea anemones and jellyfish, with soft bodies called polyps.  Coral polyps can sting and eat small prey as a source of food.  They also have a symbiotic relationship with algae which requires them to live near the surface of the ocean where the algae can harvest the solar energy and turn it into food for the coral.  In return, the coral secrets calcium carbonate (limestone) which provides a stable support for the algae, and over time results in the construction of the larger coral reefs.  The reefs attract fish and develop into an important biome within the ocean’s complex ecosystem.  
While, the algae that live within the tissue of the coral polyps provides 90 % of the food for the coral, it is the type of algae that determines the color of the coral. When coral is stressed by its environment, it expels the algae, thus losing its color, in a process called coral bleaching.  The coral appears white due to the exposed calcium carbonate, CaCO3, and lack of healthy polyps.  Two of the main sources of stress that are currently affecting coral are an increase in water temperature, and a change in pH of the ocean water. (5)
Healthy coral is essential to the life of the reef and all of the species that depend upon the delicate balance of this ecosystem.  Coral reefs grow slowly, with some being over 50 million years old.  Bleaching is a concern for scientists, because corals are species that cannot rapidly overcome stress.  Most corals only reproduce once a year in a massive expulsion of reproductive material (1).  This leaves them vulnerable to long term damage, with slow recovery.  
Before 1998, bleaching events were witnessed approximately every six years.  However, massive bleaching occurred in a 36-month span between 2014-2017 (3,4).  The Great Barrier Reef in Australia lost 30% of its coral in the year 2016. (2). Scientists are predicting it will take the reef more than 10 years to fully recover if environmental conditions are favorable.



The Source of the Problem
	Since the beginning of the industrial revolution, the amount of CO2 gas in the atmosphere has steadily increased to sustained levels never before experienced by mankind.  Most people have heard about carbon dioxide being a greenhouse gas and its role in global warming, but CO2 has another significant impact on the environment.  The increased amount of CO2 in the atmosphere translates to more carbon dioxide dissolving into our oceans.  In water, carbon dioxide is converted to carbonic acid which lowers the pH of the seawater.  The lower pH results in stress on the coral polyps and is termed ocean acidification.  The pH of seawater has dropped 0.1 pH units since the year 1800 (8), which might not sound like much, but considering the volume of water in the oceans, and the fact that pH is a logarithmic scale, this is a huge change.  A change in one pH unit, is a tenfold increase in the amount of acid.
The levels of CO2 have increased with humans increase demand for energy.  From burning wood, coal and oil, millions of years of stored solar energy is being released, and along with it massive amounts of CO2 gas.  Let’s take a quantitative look at the combustion of gasoline as octane, C8H18.
C8H18(l) +	 O2(g) 	 CO2(g) +	 H2O(g)
1. Balance the chemical equation above. 

2. The density of gasoline is 0.7489 g/mL.  Since one gallon of gasoline is equal to 3785 mL, calculate the mass of one gallon of gasoline.



3. Determine the mass of CO2 produced from the combustion of one gallon of gasoline (octane). 


4. On average, the US consumes 840 gallons of oil per day for each person.  If all of this oil were burned as gasoline, how much CO2 would the US produce per person every day?


5. The population of the US is approximately 327 million people.  Based on your previous answer, how much total CO2 would the US produce each day?


6. How much total CO2 would the US produce in a year?


7. The world population is estimated at 7.7 billion as of 12 December 2019.  If everyone in the world used as much oil as each US citizen, how much CO2 would be produced each year?


One Effect of CO2 
As the concentration of CO2 increases in the atmosphere, more of it dissolves in the oceans.  The oceans are steadily becoming carbonated!  The dissolved CO2 gas reacts with water to produce carbonic acid.  Carbonic acid (H2CO3) reacts with water to produce the hydronium ion, H3O+, in aqueous solution.  Hydronium is the strongest acid that exists in water.  The following equations represent the process of dissolved carbon dioxide being converted to acid (H3O+) in the ocean. (8)
CO2 (g) + H2O (l) → H2CO3 (aq)
H2CO3 (aq) + H2O (l)  ↔  H3O+ (aq) + HCO3- (aq) 

  The pH scale is a measure of the acidity of any water sample. The pH of any aqueous solution is determined by the concentration of the H3O+ ions as shown by the following equation: 

pH = - log [H3O+]

Since pH is a negative logarithmic scale, as the concentration of H3O+ increases, the pH gets smaller.  
Analysis of Data:  Table 1 contains actual data collected by scientists studying the earth’s climate.  Use this data to answer the questions in this section.
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Figure 2. Graph of atmospheric concentrations of CO2 over time.
1. Write a brief summary of the graph in Figure 2.  What conclusions can be drawn from the data?
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Figure 3.  Graph of atmospheric CO2 levels, dissolved oceanic CO2 levels, and pH over time.

2. What are the relationships between atmospheric CO2, seawater CO2 and pH of the oceans?



[bookmark: _GoBack]

3. From the graph of [CO2] versus time from 1955 to 2015, determine the equation of the best fit line.  Use this equation to predict the [CO2] in the year 2100.









4. Using the data in Table 1, construct a graph of [CO2] versus pH, and determine the equation of the best fit line.  Use this equation to predict the pH of the oceans at the level of CO2 predicted for 2100?



5. When coral dies and fish habitat is lost, how does this affect the ocean ecosystem as a whole?






6. Coral reefs also protect coastlines from erosion.  How might the loss of a reef affect a beach community during strong storms or hurricanes?





7. Discuss the significance of coral bleaching and how this issue might be addressed.



Table 1.  Actual data recorded by scientists studying the earth’s climate.  
	Year
	Atmospheric
[CO2]
(ppm)
	
	Date
	Atmospheric pressure of CO2 
(μ atm)
	Oceanic 
pH

	1800
	280.83
	
	8-Jan-89
	324.3
	8.1113

	1810
	281.65
	
	5-Jan-90
	310.8
	8.1183

	1820
	282.35
	
	3-Feb-91
	317.4
	8.1006

	1830
	282.82
	
	5-Jan-92
	324.1
	8.1063

	1840
	283.38
	
	20-Jan-93
	309.6
	8.1071

	1850
	284.32
	
	20-Jan-94
	298.3
	8.1173

	1860
	285.74
	
	6-Feb-95
	326.9
	8.0858

	1870
	287.35
	
	17-Jan-96
	331.8
	8.1042

	1880
	289.47
	
	8-Jan-97
	330.4
	8.0878

	1890
	292.46
	
	11-Jan-98
	332.5
	8.0877

	1900
	295.67
	
	13-Jan-99
	352.7
	8.0669

	1910
	299.38
	
	3-Feb-00
	346.3
	8.0667

	1920
	304.25
	
	17-Jan-01
	348.1
	8.0843

	1930
	306.62
	
	16-Jan-02
	347
	8.0768

	1940
	311.36
	
	17-Jan-03
	340.6
	8.0832

	1950
	312.82
	
	22-Jan-04
	344.7
	8.0837

	1960
	316.62
	
	2-Feb-05
	343.5
	8.0825

	1970
	324.78
	
	25-Jan-06
	330.3
	8.0921

	1980
	338.70
	
	7-Feb-07
	338
	8.0868

	1990
	354.07
	
	30-Jan-08
	347.4
	8.0675

	2000
	369.12
	
	21-Jan-09
	344.1
	8.0761

	2010
	388.72
	
	10-Mar-10
	347.4
	8.0734

	2020
	410.00
	
	29-Jan-11
	355.4
	8.07

	
	
	
	19-Jan-12
	356.3
	8.0673

	
	
	
	13-Feb-13
	362.7
	8.0547

	
	
	
	16-Jan-14
	363.4
	8.0695

	
	
	
	25-Feb-15
	365.4
	8.0636

	
	
	
	13-Jan-16
	358.8
	8.0817

	
	
	
	24-Jan-17
	371.8
	8.0498

	
	
	
	2-Jan-18
	361.3
	8.0673
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This graph shows the correlation between rising levels of
carbon dioxide (COy) in the atmosphere at Mauna Loa with
rising COy levels in the nearby ocean at Station Aloha.

As more CO, accumulates in the ocean, the pH of the ocean
decreases. (modified after R. A. Feely, Bulletin of the American
Meteorological Society, July 2008).
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CO2 Levels Are Rising
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ATMOSPHERIC CARBON DIOXIDE CONCENTRATIONS

Carbon dioxide concentrations i the atmosphere have been rising since the
Industrial Revolution. The chart shows evidence from ice cores before 1958
and daily measurements taken in Hawaii after 1958.
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