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ABSTRACT
The Free Ocean Carbon Dioxide Enrichment, or FOCE, Experiment, is an attempt to design a platform from which to release CO2 into the ocean in order to mimic the future high CO2, low pH ocean environment after the oceans’ continued absorption of anthropogenic CO2 from the atmosphere.  My summer involved calculating hydration rate constants from the first FOCE cruise, carrying out a laboratory experiment in order to verify the calculated rate constants were correct, helping to prepare the hardware on the FOCE frame for a second cruise, and aiding the group in the deployment of FOCE during the second cruise.
INTRODUCTION

CARBON DIOXIDE AS A GREENHOUSE GAS
During my summer at the Monterey Bay Aquarium Research Institute, I participated in the activities of a research group whose focus was on the effects of carbon dioxide on the oceans.  CO2, is a colorless, odorless gas made up of two oxygen atoms and one carbon atom.  It is produced when almost any form of carbon or carbon compound is burned in an excess of oxygen.  CO2 is a greenhouse gas, meaning it is extremely adept at trapping solar heat. The greenhouse effect is the warming of the earth occurring when greenhouse gases present in the atmosphere trap solar heat.  This phenomenon increases the surface temperature of the earth beyond its natural course, causing many environmental changes, such as drought in some regions, the melting of glaciers and ice packs, a rise in ocean levels, dramatic changes in weather patterns, and many other effects, all of which may be destructive to earth and to those organisms living on the planet.  Other greenhouse gases include methane and water vapor.  Of all the greenhouse gases released by man-made processes, CO2 is the largest contributor to the greenhouse effect, accounting for about 60% of the increase in heat trapping (“Carbon Dioxide” website).


Since the 1750s, over 1000 Gigatons (Gt) of CO2 have been released into the atmosphere from the consumption of fossil fuels.  About half of these emissions have occurred since the mid 1970s.  The level of carbon dioxide in the atmosphere has been fairly constant at about 280 parts per million since the end of the Ice Age until around 1800.  Since then, levels have increased to about 370 ppm, and this level is continuing to increase at a rate of about 1.5 ppm each year.  This level of CO2 is higher than at any other time in the last 160,000 years (“Carbon Dioxide” website).

There are many sources of CO2 emissions.  Some are natural, such as plant respiration, volcanic eruptions, forest and land fires, decay of dead plant and animal matter, and evaporation from the oceans.  Other sources of CO2 are human-generated and involve the combustion of fossil fuels, which provides about 85% of energy worldwide (“Greenhouse Gases, Climate Change, and Energy” website).  These fossil fuel emissions come from industry, energy production from power plants (solid fuels such as coal, liquid fuels such as gasoline and diesel, and gas fuels such as natural gas), oil production, transportation vehicles, and residential emissions.  Cement production is another source of CO2 emission, as is change in land use involving the clearing of forests, the cultivation of soils for food production, and the raising of livestock.  The United States is the number one emitter worldwide (“Carbon Dioxide” website).


When CO2 is emitted from these various sources, it enters our atmosphere.  Around half of the anthropogenic emissions remain in the atmosphere, meaning that the CO2 that has not accumulated in the atmosphere must have been taken up by sinks on land and in the ocean.  CO2 sinks include biomass on land such as vegetation and trees, as well as in the ocean in the form of plankton.  As a CO2 sink, the ocean uptakes, transports, and stores a huge amount of CO2 (“Carbon Dioxide” website).  The numerical data is astounding.  Over the past 200 years, out of the 1000 or so total Gt of anthropogenic CO2 released, about half of these emissions, or 500 Gt of CO2, have been taken up by the oceans.  The current rate of ocean disposal of fossil fuel CO2 from the atmosphere is approximately 1 million tons of CO2 every hour, or 20-25 million tons per day.  At this rate, our oceans are taking up close to 7 Gt of human-generated CO2 each year.  The current CO2 ppm in the atmosphere is around 370 ppm.  If these levels reach three times that level, as they are predicted to do in the next few centuries, eventual ocean storage of fossil fuel CO2 will potentially be on the order of 10,000 Gt, with the ocean eventually absorbing 80% to 90% of the worlds’ total anthropogenic CO2 emissions (Caldeira and Wickett, 2003).
Impact of Anthropogenic CO2 on the Ocean Environment


Once in the ocean, carbon dioxide and seawater mix in a complex set of reactions, as shown below:



(1)    CO2 + H2O (( H2CO3



(2)    H2CO3 (( HCO- + H+


(3)    HCO- (( CO32- + H+
All the reactions can occur from left to right, or right to left, depending on various conditions such as reactant and product concentrations.  All the reactions, both forwards and backwards, occur very quickly except for the forward reaction of (1), which occurs very slowly.  This step, since it is the slowest, determines how quickly the overall reaction sequence will go.  In this sequence of steps, when carbon dioxide is added to water, carbonic acid, or H2CO3, is slowly formed in forward reaction (1).  This carbonic acid is almost immediately converted to H+ and the bicarbonate ion, HCO-, in forward step (2), which is then quickly converted to H+ and the carbonate ion, CO32- in forward step (3).  When forward steps (2) and (3) are combined with the bottleneck step (1), H+ slowly forms, leading to a gradual increase in acidity and drop in pH.
One can plot pH or reactant concentrations over time, and the resulting graph will be an exponential decay as the reaction goes to completion.  Alternatively, instead of CO2 being added to seawater, if acid in the form of H+ is added to the system, the backwards reactions of (3), (2), and (1), occur quickly to form CO2 and H2O, followed by the same steps laid out above, resulting in similar exponential decay curves as equilibration occurs.  Concentrations and reaction rates for this hydration reaction can be observed, and the rate constant for the slow step can be calculated (Johnson, 1982).  More will be discussed on this topic later.
Because of the absorption of CO2, ocean surface pH values are already 0.1 pH units lower than during the pre-industrial era, and an additional drop of 0.2 pH units is predicted by the middle of this century (Caldeira and Wickett, 2003).  If we continue our current habits with CO2 emissions, in the next few centuries we may see changes in ocean pH greater than any experienced in the past 300 million years.  The oceans are huge carbon reservoirs, naturally holding about 139,000 billion tons of CO2 (Llanos article, 2004).  However, it is not yet known how much variation is needed to throw the system out of balance.  Since increased CO2 in the oceans means decreases in pH, the question to now be answered is whether this drop in pH will affect ocean ecosystems.


While life on land is affected by elevated CO2 levels, the most significant ecosystem impacts may take place in the ocean.  Almost all of the 500 Gt CO2 we have put in the ocean resides in the top 1000 m, about 50% of it residing in the upper 200 meters, so the largest impact of CO2 uptake in the ocean is in the shallow surface layers where we find most marine life (Llanos article, 2004).  It will take several centuries for CO2 to be transported into deep ocean waters, and the CO2 levels at these depths are much lower.  However, ocean CO2 levels on the order of hundreds of Gigatons, a level we have already surpassed, will eventually result in measurable changes in environmental variables throughout the entire ocean volume in the long run.


There is a range of pH levels in the ocean, and while many marine organisms in the shallower depths can easily adapt within a wider pH range, many others cannot tolerate significant variations (Langenbruch et al., 2004).  The sensitivity differs among different species, but pH changes may very well affect many marine organisms’ vital functions, including but not limited to, metabolic functions, protein synthesis, reproduction, growth, circulatory systems, oxygen supply, mobility, mortality rate, and longevity (Seibel and Walsh, 2001) (Seibel and Walsh, 2003).  We are not only at risk of losing precious natural environments and species, but fishing provides many nations with its main source of food and industry.  It is therefore important that we study not only the effects of increased CO2 levels on land, but in the oceans as well.


The Joint Global Ocean Flux Study (JGOFS) and the World Ocean Circulation Experiment (WOCE) jointly conducted a comprehensive global ocean CO2 survey in the late 1980s to early 1990s of inorganic carbon distributions in the global ocean, and their results are shown in Figure 1.  In order to determine the fossil fuel signal, one can measure nutrient levels to calculate the background CO2 levels in the ocean and to then separate the anthropogenic CO2 from the already-present dissolved inorganic carbon concentrations (Brewer, 1978) (Chen and Millero, 1979).  It is evident in Figure 1 that the ocean surfaces contain the highest level of CO2, with levels approaching 50 (mol/kg, and that concentration generally decreases with depth.  The fossil fuel signal can be found as deep as ~1300 m (Wallace, 2001). 


[image: image2]
Figure 1: This graph plots JGOFS/WOCE data from their joint study in the late 1880s-early 1990s on the anthropogenic CO2 in the Pacific Meridional section of the ocean.  The y-axis plots depth in meters increasing from top to bottom, and the x-axis plots North/South latitude with 0 degrees at the center.  The deeper red signifies higher CO2 concentrations (plotted in micromol/kg), while the yellows indicate lower concentrations (Wallace, 2001).  


There are graphical predictions of our future climate, the most prominent being the “business as usual” scenario, or IS92a, developed in 1990.  This scenario entails what will happen to the environment if humans continue to use known fossil fuel reserves as they have in the past until all fossil fuels are exhausted with some assumptions regarding changes in energy usage as follows.  First, in 100 years, renewable and nuclear technologies will provide more than 75% of all electric power, compared to 24% in 1990.  Secondly, non-carbon technologies (including solar and wind) are assumed to grow to about twice the size of the entire global energy system in 1990.  Lastly, energy consumed per unit of economic activity declines to 1/3 of 1990 levels.  These assumptions obviously pose enormous technical challenges, but this model, while still quite grim in its predictions of our future climate, is seen as a “middle-ground” between the best-case scenario (which requires nearly impossible assumptions) and the worst-case scenario (Bruce et. al, 1995) (Brewer, pers. comm.).


Stabilizing CO2 concentrations at present day levels would probably require a present-day 60% reduction of global CO2 emissions.  In addition, because of the slow response of our global climate, even if we took action today to limit CO2 emissions, additional climate change would still occur for at least another fifty years (“Carbon Dioxide” website).  The challenge, then, for future generations, will be to prevent further global climate change from taking place.


The three plots in Figure 2 are from a study by Caldeira and Wickett (Caldeira and Wickett, 2003) which showed the predicted changes in ocean pH worldwide assuming the IS92a scenario (Bruce et. al, 1995).  All three figures plot time on the x-axis, from the year 1750 to 3000.  The top two plots focus on the atmosphere; the bottom plot, our global oceans.  The peak in the emissions curve, the first plot in Figure 2, represents the roughly estimated time when all fossil fuels will be exhausted.  The second plot in Figure 2 indicates the change in the concentration of CO2 in the atmosphere (measured in ppm) since the Industrial Revolution.  Even after the burning of fossil fuels comes to an end, the concentration of CO2 in the air barely drops.


In the third plot of Figure 2, it is clear that, even now, we are beginning to see changes in pH in the surface levels of our oceans, a trend that is predicted only to worsen within the coming centuries.  The ocean surface is affected the most, with large surface pH changes occurring at this interface.  It is estimated that the surface pH of oceans worldwide is currently 0.1 units lower than in pre-industrial times.  Astoundingly, by the year 2250, it is projected that at the ocean surface, at depths up to 300 m, the pH will have dropped by 0.8 units.  Considering the wide variety and large number of organisms and ecosystems in the top 300 m of the ocean, a pH change this great would be likely to have an adverse effect (Caldeira and Wickett, 2003).
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Figure 2: This graph (Caldeira and Wickett, 2003) shows the predicted changes in the world’s atmosphere and oceans assuming “Business as Usual,” or IS92a, until all fossil fuels are burned up (Bruce et. al, 1995).  The top two plots refer to the atmosphere, while the bottom plot focuses on the ocean.  All three plot time on the x-axis, from 1750 to 3000.  The top graph plots carbon emissions (not CO2) in GtC/yr, the middle graph plots the change in atmospheric CO2 concentration since pre-Industrial Age levels in ppmv, and the bottom graph plots the distribution of the change in ocean pH with depth in km.

An example of one of the surface ecosystems affected by pH changes is coral reefs.  A wide variety of organisms in coral reefs, including corals, mollusks, and algae, produce calcium carbonate structures, which provide protection and body support.  The calcification process involves removing calcium and carbonate from the water.  As CO2 levels in the ocean are increased, driving down the pH, the speciation of the carbonate ion is altered, resulting in less carbonate available in the water column an therefore inhibiting the process of calcification. Ten years ago in 1990, there was up to a 30% calcification production drop in some ocean areas. The prediction for the year 2100 indicates a 20-50% drop in calcification of coral reefs worldwide in less than a century (Archer at al., 1999) (Morel at al., 2000).

CO2 Experiments on Land: FACE

In order to understand the effects of a lower-pH ocean, we must perform predictive scientific experiments. We can then use the scientific findings to influence policy and lifestyles in the future.  One of the largest research projects currently underway to study elevated global CO2 levels is a project called FACE, or the Free Air CO2 Enrichment experiments.  FACE attempts to mimic the future climate by elevating CO2 levels in small controlled experiments on land, then observing the effect these increased CO2 levels have on land-dwelling creatures and plants.  The focus is on forest ecosystems, particularly on growth, leaf development, root characteristics, and soil carbon (Chiariello at al., 2002) (Andrews at al., 1999).  One of the field sites, in Wisconsin, is shown in Figure 3.
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Figure 3: Here is a photo taken of one of the many present-day field sites for FACE, or the Free Air Carbon Dioxide Enrichment experiment.  The site shown is in Wisconsin.  This land-based experiment site is one of many worldwide working to study the effects of elevated atmospheric CO2 levels on forest ecosystems, specifically on growth, leaf development, root characteristics, and soil carbon (Chiariello at al., 2002) (Andrews at al., 1999).    

The current FACE design consists of 12 rings, up to 30 m in diameter and up to 20 m tall, inside of which the concentrations of CO2 can be controlled.  Each ring is made up of a computer-controlled system and is comprised of a series of vertical vent-pipes which can release either CO2-enriched air or normal air into the center of the ring.  Signal feedback technology is used to adjust gas release in order to maintain a stable, elevated concentration of carbon dioxide throughout the ring’s interior.  The CO2 levels may be modified to simulate various climate change conditions.  The CO2 levels standard to the experiment represent concentrations of atmospheric CO2 expected in the next fifty or so years.  The FACE system is a successful, developed, and efficient large-scale research platform.  It has been designed to work in a diverse array of ecosystems ranging from deserts to croplands to forests to bogs, the exact engineering design of a given site depending on the environment specified.  FACE allows for a realistic assessment of long-term responses of ecosystems to elevated CO2 levels while being less disruptive to the ecosystem than other approaches (Chiariello at al., 2002) (Andrews at al., 1999).

CO2 Experiments in the Ocean: FOCE

There is currently a large international network of FACE sites.  However, there is not yet any equivalent experiment being done in the ocean, which is where my research group’s work comes in with something called FOCE: the Free Ocean CO2 Enrichment experiment.  New cabled observatories in the ocean would provide the power and communications needed to perform these experiments in the ocean.  However, this kind of experiment is challenging in the ocean environment, both technically and scientifically.  In the air, CO2 mixes very simply.  In the ocean, on the other hand, complex chains chemical reactions come into play as explained earlier, and kinetic lags cause many problems with detection and control.  FOCE is an attempt to design an experiment which will successfully deal with these difficulties.  Once these hurdles are overcome, FOCE will work to simulate ocean conditions for the latter part of this century as predicted by the “business as usual” IS92a scenario (Bruce et. al, 1995).

FOCE is currently in the research and design phase in order to create an ideal design frame, develop a working control system along with the necessary software and algorithms, observe the interaction of acid or CO2 and seawater, determine if this type of experiment can be successfully performed on the sea floor, and indicate if larger-scale FOCE experiments are feasible in the future.  This first FOCE research cruise took place in November of 2004 with a dive site at 250 m depth, and the second FOCE cruise occurred at a depth of 500 m on July 26-27 of 2005 at a site named Smooth Ridge.  The sites for both cruises were in the Monterey Bay National Marine Sanctuary, and MBNMS and NOAA permits were obtained to do the testing.

The FOCE experiment works much like FACE.  Either acid (with the ion H+) in the form of HCl or CO2 is emitted from the system into a free volume of sea water in order to elevate levels to the predicted future conditions.  Thus far, acid has been used in the FOCE design experiments instead of CO2.  This is due to the fact that when CO2 is injected into seawater in a gaseous form, the bubbles dissolve into individual CO2 molecules extremely slowly.  Since CO2 molecules are not readily available to water molecules, it is impossible to observe the kinetics of the hydration reaction due to this slow dissolution rate of gaseous CO2.  It is therefore much more advantageous to use acid, or H+, since the acid will quickly react to form CO2 molecules which are all immediately available to collectively react with the seawater.  The result is a hydration curve which can be readily and easily observed.  For this reason, acid is currently used in the FOCE design instead of CO2, although there are plans to try to use CO2 with FOCE in the future after more testing is done.  Hydrate formation is also an issue when CO2 is injected into seawater, a challenge which must also be addressed.  The hydrate would block flow in FOCE’s valves and tubing and make experimental processes nearly impossible.  (Brewer, pers. comm.).

The FOCE prototype system includes an active data feedback of current velocity and pH data to a controller to maintain experimental stability.  Current short-term studies are done using small volumes of acid released from self-contained packages, while long-term and larger-scale studies would probably utilize a pipe to deliver the needed acid or CO2.  Figure 4 is a concept sketch of the proposed future large-scale FOCE experiment on the sea floor as part of a cabled observatory, with one main field site in view: one experimental ring and one control ring.  The experiment would be carried out in much the same way as FACE on land.  The gold circular structures are the basic ring frames.  The vertical lines extending from the rings are the plumbing-like vent-pipes which would dispense either acid or CO2.  The blue pyramid-shaped structures are sensing electrodes to monitor various chemical levels and current flow.  The red apparatus is the CO2 reservoir.  The thick black cable extending upward would allow power and communication to be transported to and from the surface.  The cable may, in the future, connect FOCE to a node such as MBARI’s MARS (Kirkwood, pers. comm.).
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Figure 4: This concept sketch (done by William Kirkwood of MBARI) of a future large-scale FOCE experiment takes place on the sea floor and is part of a cabled observatory, with one main field site in view: one experimental ring and one control ring.  FOCE is currently in the research and design phase and small-scale experiments are currently underway to determine if larger-scale experiments such as this one are feasible (Kirkwood, pers. comm.).

The current prototype design for FOCE is a smaller version of the large-scale experiment proposed in Figure 4.  The prototype is shown in Figure 5.  The main frame is about 3 m tall and serves as an elevator.  When deployed from a ship, this elevator freefalls to the sea floor.  Flotation packs on the top of the frame slow the descent, and weights are sometimes added as needed.  Additional flotation packs are added by the remotely-operated vehicle (ROV), Ventana, which accompanies FOCE on the dives, to retrieve the frame after the experiments on the sea floor have been completed.  In Figure 5, the bottom portion of the frame is the emitter/control ring holding forty emitters, or soaker hoses, on the outer portion (the vertical green lines on the righthand figure) and three pH feedback sensors in the inner portion (the red items).  The top ring on the frame is the reservoir holding dye and either acid or CO2.  The middle apparatus (the yellow item) is the control vane (Barry et al., abstract).
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Figure 5: This is the prototype design for FOCE.  The lefthand picture was taken in the test tank during pre-cruise testing, and the right figure shows a simplified sketch of the frame and its main components.
The FOCE system design works using a valve system that directs seawater from the ocean as well as dyed acid from a reservoir of eight 20-liter cubetainers to a mixing chamber via two peristaltic pumps.  After the two are mixed, the mixture is directed by the valve system to release points, or emitters in the form of soaker hoses, at the upstream side of the frame.  The weather vane acts via a fin swinging and orienting itself in the direction of the current and closing off all but the downstream valves to release the acid/seawater mixture.  This way, the acid/seawater mixture floats downstream towards the inner control ring with the pH sensors.  Blue dye is added to the acid or CO2 to enhance the visual detection of movement and changes in concentration.  The concentration of acid released is determined by real-time feedback from the three pH sensors mounted in the center of the inner ring.  If the pH of the control volume in the center ring, as measured by the three central sensors, is higher than the desired pH level, acid is pumped into the stream. Current speed is also monitored and taken into effect.  The FOCE system is optimized for a current flow of 10-30 cm/s near the seafloor (Barry et al., abstract).

Additional instrumentation on the FOCE frame includes eight other pH sensors mounted on the outer circular frame, three CTD sensors (conductivity, temperature, and depth sensors), an ADV (acoustic doppler velocimeter) to measure current, and an open current-meter on the frame’s central post.  Two other pH sensors are attached to the ROV Ventana, and a larger self-functioning current-meter is deployed by Ventana near the experiment site as well (Barry et al., abstract).

Shown in Figure 6 is the emitter/control ring from the side and from the top.  On the prototype FOCE design, the ring is 2 m in diameter and 0.5 m tall.  The outer ring is made up of 40 vertical vent-pipe emitters, or soaker hoses.  The inner ring is 1 m in diameter and contains the experimental volume of seawater as well as the three pH feedback sensors in the middle. The distance of 1 m between the emitters and the feedback pH sensors is designed to allow mixing of the acid and seawater before the mixture reaches the sensors, which must take hydration rate constants into consideration (Barry et al., abstract).

[image: image7]
Figure 6: Shown in this design sketch is the emitter/control ring on FOCE from the side and from the top.

Hydration Reaction Kinetics

We return now to the complex, multi-step reaction of seawater with carbon dioxide or acid.  Hydration rate constants, as mentioned before, are very important to the design and control of the FOCE prototype system.  A rate constant is a measure of the equilibrium of a reaction and indicates how fast a reaction occurs.  The hydration reaction refers to the complex steps of the reaction of seawater and carbon dioxide or acid, as explained previously.  The hydration rate constant is the equilibrium constant of the forward reaction of the slow step, reaction (1): CO2 + H2O (( H2CO3.
The rate constant, or k, is dependent on and therefore varies with temperature and pressure.  Therefore, the same hydration reaction can have very different k values at different locations in the ocean with varying depths and temperatures.  The rate constant k can be converted to the half-life for an equation, or t1/2, the amount of time it takes for reactant concentrations to be reduced to fifty percent of their initial concentrations (Johnson, 1982).  The numerical value of the half-life is important because it allows FOCE scientists to know how long it will take for the seawater and acid to mix in the ocean.  Once a certain number of half-lives have passed since the release of acid into the seawater (five or six half-lives, for example), the curve of reactant concentrations versus time levels off, and the change in pH is no longer significant enough to worry about.  The measurement of ocean pH in the central control ring on FOCE’s frame should be taken after the curve has leveled off and the pH is relatively stable, indicating equilibration of the reaction has occurred and that the reaction is, for all practical purposes, complete.
This information is crucial for FOCE designers.  For example, let us say that the FOCE frame is on the ocean floor at a depth of 250 meters and a temperature of 15 degrees Celsius, and that the average hydration half-life at this depth/pressure and temperature is 20 seconds.  We can assume that, for example, four half-lives after the injection of acid from the soaker hoses, or 80 seconds later, the reaction is essentially complete.  The FOCE system is designed to keep the pH of a specified area in the central control ring at a relatively constant pH about 0.1 units lower than the normal pH of the ocean.  As acid is released from the outer ring soaker hoses, it reacts with seawater, and the entire mixture flows downstream with the current, reacting as it moves.  If the distance between the release point on the hose and the measurement point on a center pH sensor is 1 m (or 100 cm), and there needs to be 80 seconds for the seawater to flow between these two points, then the current flow has to be chosen accordingly: a current of 100 cm/80 seconds, or around 1.25 cm/sec.  A dive site must then be chosen with a current near this speed.

If a site is chosen with a current that is faster, the reaction will not be complete by the time the acid-seawater mixture reaches the pH sensor, and the mixture’s pH will not be as low as it should be since the measurement was taken prematurely, causing problems with accurate pH control.  A gradient of pH would develop within the inner control ring, which is undesirable, and more acid would be pumped than actually needed.  Hydration rate constants and half-lives are therefore very important to the design and control of the FOCE system.
My summer at MBARI consisted of four main phases: calculating hydration rate constants from the first FOCE cruise in April 2005 (Phase 1), carrying out a laboratory experiment to verify that the calculated rate constants were correct (Phase 2), helping to prepare the hardware on the FOCE frame for the second FOCE cruise in July (Phase 3), and aiding the group in the deployment of FOCE during the second cruise (Phase 4).

PHASE 1: FOCE 1 Cruise HYDRation rates
MATERIALS AND METHODS

My first task involved calculating hydration rate constants from data taken during the first FOCE research cruise on the boat Point Lobos on April 12, 2005.  The dive took place in the Monterey Bay National Marine Sanctuary at a depth of 241 meters, at 243 decibars of pressure (or 24.0 atm), and at an average temperature of 7.5 degrees Celsius on the sea floor.  During the cruise, a small board was attached to Ventana’s swing arm.  On the board was a cell which could be open to the surrounding seawater or closed to form a contained loop, as shown in Figure 7.  The intake valve was placed within the FOCE frame in the stream of the acid/seawater mixture released by the soaker hoses.  After the cell was flushed out with this mixture, the valve was closed, and a re-circulating pump maintained a mixed fluid throughout the closed loop.  A pH probe inside the looped cell measured pH every 2-3 seconds, as logged by a DGH can.  Aside from the pH in the trapped system, the steady-state pH outside the system was also measured by another pH probe held by Ventana in the seawater outside the FOCE frame.
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Figure 7:  This photo shows a closed pH cell on a board which was attached to Ventana’s swing arm during the FOCE 1 cruise on April 12, 2005.  FOCE was at a depth of 243 m at a site within the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 7.5 degrees Celsius with a pressure of 243 decibars (or 24.0 atm).  During the cruise, the cell took in the seawater/acid mixture flowing downstream from the FOCE frame and closed the intake valve to allow equilibrations to occur within the closed loop, showing the reaction over time of acid and seawater.
The previously explained sequence of reactions in the hydration sequence occurred if the mixture had not finished equilibrating, causing the pH and reactant concentrations to decrease exponentially over time.  After a curve had been logged, as visible by a DGH GUI on a computer on-board the ship, the cell valve was opened, the pH was allowed to return to that of the downstream flow of the acid/seawater mixture.  The valve was then closed again to repeat the process.  If equilibration curves were present within the cell, we would know that the hydration reaction was not complete by the time it reached the intake point of the cell, which would indicate a problem to be addressed.  After the cruise at sea, the pH data was plotted using a computer program called DGH Workbench, as shown in Figure 8.  Three of the curves were chosen for future analysis, as indicated by the blue boxes in Figure 8.
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Figure 8:  This plot represents data taken from a closed pH cell on a board attached to Ventana’s swing arm during the FOCE 1 cruise on April 12, 2005.  FOCE was at a depth of 243 m at a site within the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 7.5 degrees Celsius with a pressure of 243 decibars (or 24.0 atm).  During the cruise, the cell took in the seawater/acid mixture flowing downstream from the FOCE frame and closed the intake valve to allow equilibrations to occur within the closed loop, showing the reaction over time of acid and seawater.  This plot was generated from the DGH data using a computer program called DGH Workbench.  Three of the injection curves, as indicated by the blue boxes, were chosen for future analysis.  The red curve measures the pH inside the trapped system in the cell, while the green curve measures the steady-state pH outside the system in the surrounding seawater outside the FOCE frame.
Curves of [OH-] concentrations versus time of the three curves of interest were then generated in Excel using exponential curve fits.  [OH-] was used because it is a function of pH which generates a nice decay curve over time.

RESULTS
The presence of equilibration curves in the cell during the FOCE 1 cruise indicated a problem with reaction kinetics: the hydration reaction was not complete by the time it reached the intake point in the FOCE frame.  The three decay curves for Injection 1, 2, and 3 are shown in Figures 9, 10, and 11, respectively.  The exponential equations are also shown on the graphs in the upper righthand corner in the form of y = Ae-kt where y is the concentration of [OH-], A is a constant, k is the rate constant we are after, and t is the time in seconds.
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Figure 9: Shown is a plot of [OH-] concentration over time of the first injection of acid in the closed cell on the Ventana board during the FOCE 1 cruise on April 12, 2005.  FOCE was at a depth of 243 m at a site within the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 7.5 degrees Celsius with a pressure of 243 decibars (or 24.0 atm).
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Figure 10: Shown is a plot of [OH-] concentration over time of the second injection of acid in the closed cell on the Ventana board during the FOCE 1 cruise on April 12, 2005.  FOCE was at a depth of 243 m at a site within the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 7.5 degrees Celsius with a pressure of 243 decibars (or 24.0 atm).
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Figure 11: Shown is a plot of [OH-] concentration over time of the third injection of acid in the closed cell on the Ventana board during the FOCE 1 cruise on April 12, 2005.  FOCE was at a depth of 243 m at a site within the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 7.5 degrees Celsius with a pressure of 243 decibars (or 24.0 atm).
The three rate constants obtained from the curves were as follows:

Injection 1: k = 0.01646049

Injection 2: k = 0.01374675

Injection 3: k = 0.01890082

The rate constant k is a measure of the equilibrium of a reaction and indicates how fast a reaction occurs.  It is dependent on and therefore varies with temperature and pressure.  Therefore, the same hydration reaction can have very different k values at different locations in the ocean with varying depths and temperatures.  The rate constant k can be converted to the half-life for an equation, or t1/2, the amount of time it takes for reactant concentrations to be reduced to fifty percent of their initial concentrations.  Tau, or τ, is another form of the half-life which represents the time for concentrations to be reduced to ~37% (1/e) of their initial values.   The half-life and tau are related and can be calculated as follows (Johnson, 1982):


(1)   τ = 1/k

(2)   t1/2 = (ln 2)/k

(3)   t1/2 = τ * (ln 2)

Using equation (2), t1/2 was calculated for the three injections, with results as follows, with an average half-life of 43.07 secs:

Injection 1: t1/2  = 42.11 secs

Injection 2: t1/2  = 50.42 secs

Injection 3: t1/2  = 36.67 secs

Work has been done by Wolf-Gladrow and Zeebe to calculate tau using a mathematical equation as seen below (Wolf-Gladrow and Zeebe, 2001).  The work took place in a laboratory at a pressure of 1 atm.  In this case, the calculating equals the inverse of τ.  If I had more time, the calculated half-life values I obtained in Phase 1, when converted to tau values, could be compared to the calculated tau values using this mathematical model.


[image: image13]
DISCUSSION

Overall, we were pleased with the calculations from the FOCE 1 data.  The main question raised from these results was whether or not our calculated rate constant values were identical to the true hydration rate constants or not, a question we sought to answer during Phase 2 of my summer, as explained later.  We hypothesized that these calculated values were, in fact, comparable to the true hydration rate constants and tested this hypothesis in Phase 2.

PHASE 2: Laboratory Hydration Rates
MATERIALS AND METHODS

My second task entailed carrying out a laboratory experiment in order to verify the calculated rate constants from the FOCE 1 cruise were correct.  In order to do this, we constructed a system in the laboratory which would allow us to inject acid into a container of seawater and observe the reaction’s equilibration.  A description of the setup of the system is as follows.

The apparatus and supporting system are shown in Figure 12.  The main apparatus consisted of two objects.  The first was a cylindrical plastic container filled halfway with reverse-osmosis (RO) water, open to the air and 20 cm in diameter by 25 cm deep.  The second was a 2000 mL Erlenmeyer flask filled with approximately 1800 mL of seawater and placed within the first container.  An apparatus called a constant temperature bath was used to maintain a constant water temperature; circular coils connected to the bath were placed along the inside wall of the container to warm up or cool down the system as needed to obtain a set temperature.  The container was placed on a magnetic stirring plate, and two stirring rods were used: one on the bottom of the container and a second on the bottom of the beaker.  Stirring was maintained at its maximum level to ensure mixing of the water during the experiment and to aid in more rapid heating and cooling during preparation of the system before each replicate.

A DGH board within a can (as used on the ROV Ventana) was hooked up to a DC regulated power supply and connected a pH sensor, a temperature sensor, and a computer with a DGH GUI Version 2.2 (see Figure 13).  Sensors included two pH sensors: one on an IQ probe and a second larger pH sensor connected to the DGH, both which were placed in the beaker water.  Four temperature sensors were used: one built into the constant temperature bath, a second built into the heating and cooling coil, a third on the IQ probe placed in the beaker water, a fourth hand-held thermometer placed in the beaker water, and a fifth connected to the DGH to be placed in the container water.  The seawater in the beaker was added from a 20-liter plastic cubetainer filled with seawater.  A 1-liter plastic bottle was filled with an acid solution with tubing connections to and from the solution and seawater beaker, with a 1-mL plastic syringe used to control flow.  Clamps and stands were used to secure all the items.
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Figure 12: Shown is the apparatus and supporting system for the hydration rate constant experiment in the laboratory.  The power supply and DGH can are seen in the upper lefthand part of the photo.  The constant temperature bath is in the bottom righthand portion.  Next to the bath is the beaker (the DGH pH probe is inside) placed within the container, both which are set on a magnetic stirrer.  The acid solution bottle is the opaque white bottle on the sink, and to the right of it is the seawater-filled cubetainer.  The IQ probe module and computer are off to the side and are not in the photo.
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Figure 13: Shown is the DGH GUI used in my laboratory experiment to retrieve and log data from the DGH can.  The GUI is also used while at sea.

The experimental steps taken were as follows:
1.  An acid solution was mixed in a 1-liter plastic bottle using 10 mL of 12 M HCL and 1000 ML of DI water, resulting in a 0.12 M acid solution.  Two lengths of plastic tubing were secured: one running from the acid solution to a 1-mL plastic syringe and a second running from the syringe to be placed in the seawater in the beaker.

2.  The cylindrical container was filled halfway with RO water, a bar magnet was placed inside, and the container was set on the magnetic stirrer.
3.  The magnetic stirrer was turned on at full speed.  The power supply, the constant temperature bath, and the DGH GUI on the computer were also turned on (see Figure 13).  On the DGH interface, the “Start Plot” and “Enable DGH” buttons were turned on, and the “Start” button by the Thermistor readings was hit to enable the Thermistor 1.  Update rate was set to 500 ms (or twice each second).  A plot of pH versus time appeared as expected on the DGH GUI (see example in Figure 13).
4.  The cubetainer was filled with 20 L of seawater.
5.  The set point on the constant temperature bath was entered to be 25 degrees Celsius.

6.  The beaker and a second bar magnet were rinsed with seawater from the cubetainer, the beaker was filled with ~1800 mL seawater, and the bar magnet was placed in the beaker.  The beaker was then placed within the larger container about 2-3 cm above its bottom surface so that the seawater in the beaker was entirely under the surface of the water in the container.

7.  The pH sensor connected to the DGH was placed and secured in the seawater in the beaker with the lip completely submerged to ensure a closed circuit.  The thermometer connected to the DGH was placed in the outer container water.  The hand-held thermometer was placed in the beaker seawater.
8.  Before placing the injection end of the acid solution tubing in the beaker seawater, the tubing was rinsed 4-5 times with the acid solution.  The injection end of the tubing was then placed against the wall of the beaker in the seawater.  It was important that the placement of the injection end was kept as constant as possible.

9.  The hand-held temperature was monitored until the seawater reached 25.0 degrees Celsius.  While waiting for the temperature to stabilize, the IQ probe was calibrated using three buffered solutions were used with pH values of 4.01, 7.41, and 9.18.  Once calibrated, the IQ probe was placed in the seawater in the beaker.  Care was taken to ensure that the IQ pH probe was placed so its sensors were facing in towards the center of the beaker and not pressed against the beaker wall, and that the IQ probe was on the opposite end of the beaker as the acid injection point.

10.  When the hand-held thermometer read 25.0 degrees Celsius, two pH readings were recorded: the pH sensor on the IQ probe and the pH sensor connected to the DGH can.  If the two readings were not within 0.01 of each other, adjustments to the DGH sensor were made using the DGH GUI by pressing “Calibration” on the toolbar menu, pressing “pH calibration values,” changing the offset value, then pressing “Save” (see Figure 13).
11.  In the DGH GUI, we then pressed “Logging” on the toolbar, then pressed “Setup,” “Write to File,” “Append,” “a logging interval of 1 sec, and “OK.”  Once “OK” is pressed, the data automatically began writing to a text file (see Figure 13).
12.  In order to begin the first replicate at 25.0 degrees, we quickly injected 1 mL of the acid solution into the seawater and monitored the curve of pH versus time on the computer screen.  Once the pH had leveled out, we repeated the acid injection and monitoring of the curve.  This procedure was followed until 7 injections had taken place, resulting in 7 equilibration curves as seen on the DGH GUI.  Once the pH had leveled out after the last injection, “Logging” and “Stop Logging” were pressed to end the writing to the text file (see Figure 13).

13.  The acidified seawater in the beaker was disposed of, and the magnet bar, probes, and tubes placed in the acidified seawater were rinsed with fresh seawater from the cubetainer.

14.  Steps 4-13 were repeated to obtain 5 total replicates at 25.0 degrees Celsius.  If it is desired that the experiment be performed at another temperature, steps 4-13 would then be repeated at, for example, 5.0, 15.0, and 35.0 degrees Celsius.  In this case, tt would be important to use the same batch of seawater in the cubetainer for each the 5 replicates at one temperature and to replace the cubetainer contents with fresh seawater for each new temperature.  It is also important that re-calibration of the IQ probe occur before each replicate.  Lastly, it is necessary to turn off all electronics and place all probes in buffered solutions when finished with the experiment for the day.
Once the laboratory experiment was complete, the data files were converted to Excel files, and curves of [OH-] versus time were generated in Excel.  Again, [OH-] was used because it is a function of pH which generates a nice decay curve over time.  Using exponential fits, the k values were then used to calculate the half-life in seconds for each of the seven curves in each replicate at each temperature, resulting in 7 half-live values per replicate and 35 half-life values per temperature.  A plot was then made at each temperature of the half-life versus the average pH over the range of the curve.  This curve allowed us to see the affect of changes in pH on the half-life of the hydration reaction.

RESULTS

One of the many decay curves generated from the hydration rate constant laboratory experiments is shown in Figure 14 for Injection 2 of Replicate 2 at 25 degrees Celsius.  Again, the exponential equations are also shown on the graphs in the form of y = Ae-kt where y is the concentration of [OH-], A is a constant, k is the rate constant we are after, and t is the time in seconds.  In Figure 14, k=0.08364694.

Using exponential fits and the half-life equation of t1/2 = (ln 2)/k, the k values were then used to calculate the half-life in seconds for each of the seven curves in each replicate at each temperature, resulting in 7 half-live values per replicate and 35 half-life values per temperature.  In Figure 14, for example, the calculated half-life from k was (ln 2)/ 0.08364694, which equals 8.2865814 seconds.
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Figure 14: Shown is a plot representing the data from my hydration rate constant laboratory experiment at 25 degrees Celsius and 1 atm.  The plot is of [OH-] concentration versus time and represents the second injection of acid during Replicate 2 at 25 degrees Celsius.


A plot was then made at each temperature of the half-life versus the average pH over the range of the curve.  An example of this plot is seen in Figure 15 for 25 degrees Celsius.  Each point represents the half-life calculated from one injection.  For example, the half-life calculated from the Figure 14 plot, 8.2865814 seconds, represents one of the orange data points in Figure 15.  The hydration rate constant curves of all replicates at one temperature (as seen in Figure 15) allowed us to see the affect of changes in pH on the half-life of the hydration reaction.  For each replicate, subsequent injections take place from right to left, with the solution becoming more acidic over time.
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Figure 15:  Shown is a plot representing the data from my hydration rate constant laboratory experiment at 25 degrees Celsius and 1 atm.  The plot is of pH on the NBS scale versus the calculated half-life.  All five replicates are shown, although only two injections in Replicate 1 were used due to erratic data.  For each replicate, subsequent injections take place from right to left, with the solution becoming more acidic over time.
DISCUSSION


Based on past studies and experiments, our data results as seen in Figure 15 are what we expected when the pH is about 7.2 or higher; however, as time went on with each replicate and the solution became more acidic (at pH levels of 7.2 and lower), the half-lives, which we expected would continue to decrease, instead increased on the lefthand side of the graph in Figure 15.  This puzzled us, and the only current possible explanation involves the de-gassing of the solution over time during each replicate since the experimental setup was not a closed system.  It could be that increased acidity causes the loss of CO2 from the system, which changes the entire reaction kinetics and causes the unexpected shift in the curve.  This is our only hypothesis as of now; a better explanation will take more time and possibly require more experiments using a closed system in which degassing cannot occur.  Overall, after Phase 2 data was processed, we are fairly confident that the hydration rate constants calculated in Phase 1 from the FOCE 1 cruise data were in fact the true hydration rate constants, though more testing would be required to ascertain this for certain.

The hydration half-life curves at 25 degrees Celsius at pH levels of 7.2 and higher indicated that as the pH decreases, the reaction rate between acid (or carbon dioxide) and seawater increases and the half-life decreases.  This can be seen in Figure 13: as more and more injections are made, the solution becomes more and more acidic, and the drop in pH results in smaller curves with each subsequent injection which equilibrate much more quickly.  Another interesting observation results from this: within one single injection curve, as H+ is slowly formed and the solution becomes more acidic, the rate constant (and therefore the half-life) is actually not constant but instead changes over time as the reaction equilibrates.  The hydration reaction, therefore, is a sort of auto-catalytic reaction which fuels itself: the more the reaction occurs, the more it fuels the decrease in the half-life value.
PHASE 3: FOCE 2 Cruise PreparationS
MATERIALS AND METHODS

My third job involved helping to prepare the hardware on the FOCE frame for the second FOCE cruise.  I aided in calibrating thirteen pH sensors (eleven for the FOCE frame and two for additional locations on the ROV), re-assembling the pH cell used in the April 2005 FOCE 2 dive so it could be placed on Ventana’s toolsled, lifting the frame to the test tank level using a crane (See Figure 16), filling the eight plastic cubetainers with seawater and securing them in their respective places on the frame, and attaching and securing tubing along the frame using hose clamps and cable ties.
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Figure 16: This is a photo of myself operating the crane to lift the FOCE frame onto the test tank level before pre-cruise tests of the FOCE system and design in the tank.  Behind me is the MBARI test tank.
Additionally, I aided in the tests of FOCE in the MBARI test tank on July 20-21.  During these tests I helped to operate the crane to lift FOCE and observed various systems from the tank surface level and from the well on the tank floor level: the FOCE elevator’s ascent and descent, the thruster’s operation in creating a current on the tank floor, the dye release from the soaker hoses, and the current meter on the FOCE frame.  I also observed the new plastic turbulence-inducing panels placed adjacent to the soaker hoses which were added with the hope that they might promote more rapid mixing of the released acid with the seawater.  Lastly, I also served as one of the group’s photographers to document the tests.
I also aided in the mixing of 160 liters of a 1.8 M acid solution made from 12 M HCl and tap water.  Dye was added to this solution, which was then poured into the eight 20-liter cubetainers to be secured to the FOCE frame.  The mixing process required wearing hazard suits, protective goggles, laboratory gloves, and steel-toed boots, as seen in Figure 17.
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Figure 17: This is a photo of myself helping in the mixing process of 160 liters of a 1.8 M acid solution made from 12 M HCl and tap water in pre-cruise preparations.  This mixing process required wearing hazard suits, goggles, laboratory gloves, and steel-toed boots.  The 12 M acid is in the container on the right, and the final solution is held in the large cylindrical vat in the background.  The empty cubetainers are on the ground behind myself and my colleague to be filled with the solution later.
Lastly, I helped out on “MOB Day,” or Mobilization Day, on July 26, the day before the two FOCE cruise days.  This day involved all the final preparation for the cruises and dives on the dock near the boat, Point Lobos.  This preparation included last-minute securing of tubing and acid/dye cubetainers on the FOCE frame, observing the switching of Ventana’s toolsled to include the pH cell and the lifting of FOCE onto the boat’s deck (see Figure 18), and ensuring all the necessary equipment was on-board the boat.
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Figure 18: This is a photo of the FOCE frame (on the left) next to the remotely-operated vehicle, ROV Ventana, on the dock during MOB Day on July 26, 2005.  Preparations were being made for the second FOCE research cruise on July 27-28.  In this photo, preparations are being made to switch Ventana’s toolsled (the bottom portion of the ROV), lift Ventana back onto the boat deck (in the background), and lift the FOCE frame onto the deck.

RESULTS


Overall, the preparation of hardware went quite well.  The calibrations of the pH meters only showed one to be faulty.  

The tests of the FOCE frame in the test tank were also very successful.  Figures 19, 20, and 21 are photos taken during the testing.  The first day went well but indicated some work still to be done: one of the central pH probes was not working correctly, the central valve was heavily leaking dye, there was another leak I observed towards the top of the frame, there were calibration issues with the peristaltic pumps since they did not pump at the expected flow rates, a minor electrical connection problem surfaced, and slight changes were needed in the control algorithm to be added to the DGH GUI.  The new addition of plastic turbulence-inducing panels was observed closely, but it was difficult to visually assess if they were making any difference.  The second day went very well: all problems were fixed, the dye release was controlled and successful, the leak in the central valve was still visible but greatly reduced, and the leak at the top of the FOCE frame was discovered to only be a disconnected seawater valve.
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Figure 19:  This photo was taken at the MBARI test tank during the pre-cruise July 21-22, 2005 testing of the FOCE system.  Here, FOCE is being lowered using a crane into the 10-meter test seawater tank.
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Figure 20:  This photo was taken from the well adjacent to the MBARI test tank during the pre-cruise July 21-22, 2005 testing of the FOCE system.  Here, FOCE is on the test tank floor during testing.  The fin on the vane is oriented with the current, which is being generated from a thruster in the front left corner of the tank.  The orientation of the fin allowed dye to be released from the soaker hoses on the upstream side of the frame only, in the front left corner.

_________________________________________________________________________________________________________________
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Figure 21:  This photo was taken from the well adjacent to the MBARI test tank during the pre-cruise July 21-22, 2005 testing of the FOCE system.  Here, FOCE is on the test tank floor during testing, and the soaker hoses are emitting dye.  During the actual cruise at sea, the hoses released a mix of seawater, acid, and dye.  The orientation of the fin allowed dye to be released from the soaker hoses on the upstream side of the frame only, in this front left corner.

DISCUSSION

This was the second time my research group had prepared for a FOCE cruise.  The ease and speed of preparations this time indicates the success of the methods used to prepare for the cruise and to perform tests in the test tank.  If a third FOCE cruise is planned, the same methods will probably be employed.
PHASE 4: FOCE 2 Cruise

MATERIALS AND METHODS

The fourth and final phase of my time at MBARI involved aiding the group in the deployment of FOCE during the two-day second FOCE cruise on the boat Point Lobos on July 26-28, 2005.  The dive site was 505 meters deep on Smooth Ridge in the Monterey Bay National Marine Sanctuary.  Average temperature on the sea floor was 6.4 degrees Celsius, and the pressure was 505 decibars (or 49.8 atm).  One of the main activities of the cruise was determining whether or not the hydration reaction had completed by the time the seawater mixture reached the inner control ring with the three pH sensors.  The presence of equilibration curves in water taken from this control ring would imply that the reaction was not in fact complete, which would indicate a continuing design problem that would need to be addressed, a problem we had already seen in the first FOCE cruise in April 2005.
Day 1 of the cruise started out with a two-hour trip out to our selected site at Smooth Ridge from 7-9 am, followed by pre-dive preparations on deck from 9-10 am, including deployment of Ventana, FOCE, and a current meter.  Ventana descended by use of thrusters, while the FOCE elevator reached the sea floor via freefall.  Next came more preparations in the control room from 10-11 am.  All the science activities on the sea floor took place between 11 am and 2 pm.  From 2-2:30 pm, Ventana was recovered, and FOCE and the current meter were both left on the sea floor overnight.  The trip back to the Moss Landing harbor took place from 2:30-4:30 pm.
The cruise events on Day 2 were very similar to those on Day 1 with a few differences.  The pre-dive on Day 2 included deployment of a flotation pack to be attached later to the FOCE frame for the recovery of FOCE.  The science work took place between 11 am and 1:10 pm.  At 11:30 am, in the middle of operations, I accidentally and unfortunately bumped a very important switch in the control room labeled UPS (universal power supply), which proceeded to shut off the power for the entire control room, ROV, and navigation system for the ship.  Everything in the control room went black, the gyros on the bridge went dead, and it took forty-five minutes to return the power, software, and systems to their normal state.  During this time without power and control, Ventana did have use of its thrusters to keep it stationary, so the ROV drifted downstream.  Since Ventana was attached via a power cord to the FOCE frame, the ROV pulled the cord taut and dragged FOCE 15 m downstream, burying one side a few cm deep in sediment.  Since the ROV arm had been closed on a pH sensor at the moment of the power shutdown, the pH sensor dropped to the sea floor.  All systems were brought back up after the outage, and the science experiments were continued.
During the cruise, the same pH cell attached to Ventana’s swing arm during the April 2005 FOCE 1 cruise (see earlier Figure 7) was attached this time to Ventana’s toolsled.  The cell could be open to the seawater/acid mixture flowing downstream or closed to form a contained loop and trap the equilibrating mixture.  A suction valve running into the cell could be placed anywhere near or in the FOCE frame to bring seawater or a seawater/acid mixture into the cell.  During the experiments on the sea floor, two pH probes were taking measurements related to the pH cell: one pH sensor held by Ventana’s arm next to the cell intake valve to measure the pH inside the acid/seawater mixture flowing downstream (as opposed to outside the FOCE frame in normal seawater as done during the FOCE 1 cruise), as well as a second pH sensor inside the cell.

The experimental steps taken during the FOCE cruise to observe hydration rate kinetics and their related equilibration curves are as follows.  First, the DGH can and the DGH GUI were turned on and set to log the pH over time.  Next, the peristaltic pumps were turned on, causing a release of an acid/seawater mixture and a flow of the mixture downstream, the hydration reaction occurring during the transit.  One pH probe held by Ventana’s arm was then placed in the downstream flow of the seawater/acid mixture in the central control ring within the frame.  In the next step, the intake valve on the suction hose to the cell was placed by the first pH probe, and the valve was opened to the downstream flow of the acid/seawater mixture.  This mixture was sucked into the loop and re-circulated using the pump to allow the pH to steady itself at the elevated pH level inside the control ring.  Once the pH had steadied, the valve was closed, and the re-circulating pump continued to run.  After the equilibration curve had leveled out as observed on the DGH GUI, the intake valve on the suction hose was re-opened to the acid/seawater mixture and suction of the mixture occurred, allowing the pH to return to the steady-state level inside the control ring.  Finally, the suction valve was closed, and this process was repeated 2-5 times at three different locations downstream from the emissions: inside the inner control ring, near the emitting soaker hoses, and outside the frame.
In Figure 22, the FOCE frame is being recovered on Day 2 of the cruise.  A crane is being used to lift the frame back onto the deck of the boat, Point Lobos, while above the dive site at Smooth Ridge.  A flotation pack was attached earlier to the frame to bring it to the surface.
   _______________________________________________________________________________________________________________________________________
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Figure 22: This is a photo of the FOCE frame being recovered on Day 2 of the second FOCE research cruise on July 28.  A crane is being used to lift the frame back onto the deck of the boat, Point Lobos, while above the 500 m deep site at Smooth Ridge in the Monterey Bay National Marine Sanctuary.  A flotation pack was attached earlier to the frame to bring it to the surface.
RESULTS

Not much good data resulted from Day 1 of the FOCE cruise on Point Lobos.  The re-circulating pump in the cell on Ventana’s toolsled ceased to work when Ventana reached about 100 m upon descent, and the pump did not function for the rest of the day.  In addition, the three pH sensors in the central control ring of FOCE did not match up.  Since both systems are needed to perform the experiments, nothing could be done unless the sensors and pump began functioning.  Fortunately, the dive site was a good choice, with much faster currents than at the site chosen for the first FOCE research cruise in November 2004.  The currents ranged from 5-25 cm/s, with an average speed of 20 cm/s.  There was another success for Day 1: the valve and dye release system was functioning very well, except for the re-emerging leak below the central vane.

Day 2 went much better than Day 1, resulting in a good deal of useful data.  The power outage, though resulting in lost time, did not cause any problems.  All systems were fully functional upon reboot, and, in fact, one of the pH sensors on the central ring which had been jumping all over before the outage leveled out after the reboot.  Luckily, the power cord connecting Ventana and FOCE was attached on the same side of the FOCE frame as Ventana, so FOCE was not pulled over on its side by Ventana, which would have rendered FOCE inoperable for the remainder of the day.  In addition, the pH sensor was not pinned under Ventana and was very simple to find.
During Day 2, the repeated opening and closing of the cell on the board on Ventana’s toolsled to the acid/seawater mixture traveling downstream resulted in many equilibration curves such as the two illustrated in Figure 23.  The intake of the cell was placed in various locations inside and outside of the frame to produce the curves (the curves in Figure 23 were taken by the soaker hose emitters).  The resulting curves are all very similar in appearance, and it is predicted that they all have the same half-life since the depth and temperature is relatively constant (although I did not have time to calculate the half-life values).

In Figure 23, the red lines are the equilibration curves, with time on the x-axis (in hh:mm:ss, GMT) and pH on the y-axis as taken by the pH sensor located in the looped cell.  The presence of equilibration curves indicates that the reaction was not yet complete by the time it reached the inner control ring of the FOCE frame, an issue to be discussed later.  The green line is the steady-state background pH as taken by a pH sensor held by the Ventana arm in the same location as the mouth of the suction hose into the cell.
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Figure 23:  This is a screen capture of the DGH GUI during the second FOCE cruise on July 21-22.  FOCE was at a depth of 500 m at a site called Smooth Ridge in the Monterey Bay National Marine Sanctuary.  The temperature on the sea floor was 5.4 degrees Celsius with a pressure of 505 decibars (or 49.8 atm).  In this figure, the looped pH cell on the toolsled of Ventana was repeatedly opened and closed to the mixture of acid and seawater as it passed by the cell intake inside the frame.  Shown by the red lines are the equilibration curves that resulted from the trapped-system pH probe within the cell, with time on the x-axis (in hh:mm:ss, GMT) and pH on the y-axis.  The presence of equilibration curves indicates that the reaction was not yet complete by the time the mixture reached the inner control ring on FOCE’s frame.  The green line is the steady-state background pH as taken by a pH sensor held by the Ventana arm adjacent to the cell’s intake valve.
DISCUSSION

The green line in Figure 23 is held at a relatively constant pH because the measurement is taken at a steady-state.  Even though the pH probe is held in the middle of the seawater/acid mixture traveling downstream, which is reacting all the way, since the probe does not change locations, the mixture it is measuring is always in the same stage of the reaction equilibration curve, resulting in a relatively steady pH.  The static in this line is probably simply due to sediment disruption.


Unfortunately, I did not have time to process any of the data from the second FOCE research cruise, including the many equilibration curves taken by the pH sensor within the closed cell on Ventana’s toolsled.  One of the main processes under scrutiny during and after the second FOCE research cruise will certainly be the kinetics of the hydration reaction.  While I did not have the chance to calculate half-lives, the mere presence of equilibration curves in the control ring of the FOCE frame is a problem: the curves indicate that the reaction between the acid and seawater was not in fact complete by the time the mixture reached the control ring to be measured by the pH sensors.  If the reactions were complete at that point in the mixture’s transit, the pH would remain steady, which it did not during the experiment with the cell.  The result is an inaccurate measurement of the pH level.  Various methods are being discussed to remedy this problem, as discussed later.

One interesting observation was made: the equilibration curves taken from the seawater/acid mixture in the cell were very small –  so small, in fact, that we almost missed them completely until we zoomed in on the DGH GUI.  At first we were puzzled why the curves were present, yet were much smaller than expected, with a shorter equilibration time and smaller pH change than anticipated.  A possible explanation for the small size of the curves observed is as follows: they may have been due to the performance of the suction tube drawing the seawater/acid mixture in from the frame area to the board on Ventana.  Fluid flow in the tube is quite slow, and so there is a sizeable amount of time during transit to the cell for the mixture to continue equilibrating.  By the time the mixture reaches the cell, the pH is already so low that the reaction proceeds must faster and the half-life is much smaller, resulting in the smaller curves.  These curves from the cruise, then, are very similar to the curves from my laboratory experiment in Phase 2: the equilibration curves from the last few injections of each replicate took place at lower pH levels than the first few injections, and the curves at lower pH levels are much smaller and much faster.  This results from the dynamic nature of rate constants and half-lives: as the pH decreases during an equilibration curve, the half-live decreases, resulting in the smaller curves observes during the FOCE cruise.  Unfortunately, the tubing is manufactured with a set pumping rate, so the process of taking in the seawater mixture cannot be sped up.


Overall, the second FOCE cruise went remarkably well.  A meeting will be held later in the summer to discuss the cruise, particularly what the two days at sea indicated about FOCE’s design and control system, how to improve FOCE, and the implications for future experiments.

PHASES 1-4
CONCLUSIONS/RECOMMENDATIONS
A recommendation for future laboratory setups to observe and quantify reaction kinetics between CO2 (or acid) and seawater is to use a closed system made of a material which does not allow gases to move through it and which is tightly sealed on all sides, unlike my laboratory setup.

In regards to FOCE, the success of the FOCE prototype design has yet to be determined, although a good deal of headway has been made and much has been learned.  The ultimate fate of FOCE will in part be determined by the experiments performed on the sea floor during the past two research cruises and perhaps in future cruises.  The main question, as mentioned previously, is whether or not the control systems and algorithms are well-suited for such an experiment, and if not, how to improve them.  So far, the overall design of FOCE looks to be very successful, and with a few design alterations, a larger-scale version of FOCE on the sea floor may in fact be feasible.  A large-scale level may be beneficial, for it would provide new insights into ecosystem responses to elevated CO2 levels that are difficult to obtain with smaller-scaled experiments.
Many challenges still exist in the design of a large-scale FOCE design, problems which must soon be addressed.  The most significant challenge is how to release CO2 into seawater instead of acid.  Carbon dioxide’s interaction with seawater presents difficult problems since solid CO2 hydrate can form below 300 m, and since the dissolution rates of gaseous CO2 in seawater are too slow.  Much more research must, then, be done to determine how to avoid these problems in the context of the FOCE design.
A second and equally significant obstacle which has yet to be remedied is how to deal with the reaction kinetics and half-lives.  In the FOCE prototype system, which has a flow distance of 100 cm, current speeds of 10 cm or greater are needed for the system to properly function, but with currents this fast, the hydration reaction is not even nearly complete by the time the acid/seawater mixture reaches the inner control ring.  There are two proposed solutions.  The first is a much larger frame which allows for more distance in which the reaction can go to completion before measurement in the central control ring.  However, a larger frame brings other challenges: it is harder to control various factors such as ocean currents, a much greater amount of acid and dye must be used, and more power is needed.  A second proposal is some sort of larger mixing chamber than the one already present in which seawater and acid mix for a longer period of time before release into the larger ocean occurs.  This way, much, although not all, of the reaction will have already occurred before release, and once in the ocean, the equilibration time will be much lower.  A third and more likely proposal is to trap the entire system off by moveable walls or panels on some sides of the FOCE frame, which can be moved into position to block off faster currents and maintain a slow, relatively constant current speed through the frame, allowing for a less variable environment and for more time for the equilibrations to occur.
Smaller and more short-term design challenges include replacing the weather vane control system with a solenoid system, which is predicted to be more reliable and pinpoint-accurate in the location of the acid mixture’s release from the emitters.  Lastly, obtaining permits for the release of large volumes of CO2 into the oceans will also present a difficult challenge in the future.
In addition to mimicking future ocean climates, FOCE will also help us to understand the possible effects of intentionally burying CO2 in the deep oceans for storage, a controversial possible means of decreasing levels of atmospheric CO2 and potentially helping to lessen climate change.  This would be done by capturing CO2, compressing and liquefying the CO2, transporting the liquid by either a pipeline or a ship, and releasing it into the water column or onto the sea floor.  Studies suggest that injected CO2 would be isolated from the atmosphere for a few hundred to 1000 years depending on the depth of the injection since the ocean completes one cycle of top-to-bottom and bottom-to-top mixing about every 1000 years.  Experiments indicate that CO2 sequestration at greater depths and possibly formation of a CO2 hydrate would increase this retention time.  The eventual release of the CO2 back into the ocean would be certain and would most probably be a gradual process (Marchetti, 1977) (Orr et al., 2003).
It is important to remember that there are potentially negative issues to consider regarding ocean sequestration of CO2, many of the same issues being explored by the FOCE Experiment.  Removal of CO2 from the atmosphere would reduce the uptake of CO2 by ocean surfaces, thereby reducing the pH change in the shallower parts of the ocean and sparing these ecosystems of potentially harmful exposure to a low-pH environment.  However, this risk would only shift to the ecosystems of the deep sea, causing similar problems at a greater depth.  In addition, the sequestration of CO2 in the ocean would not permanently solve global climate change since the ocean would eventually re-release much of the CO2 into the atmosphere: ocean sequestration would only buy time.  This time, which may be up to 1000 years, could be used to devise solutions dealing with more permanent removal of atmospheric carbon dioxide (Marchetti, 1977) (Orr et al., 2003).


Overall, my summer at MBARI was incredibly successful and enjoyable.  I learned much about how to process and interpret data through my work with the Ventana and FOCE research cruise data.  I also learned a great deal about the more technical side of science through my work preparing the FOCE frame for the July 2005 research cruise on the boat Point Lobos.  I experienced my first research cruise, learning firsthand the intriguing work and complexity of underwater oceanographic research.  The interaction and collaboration among the members of my research group, and between the scientists engineers, and administrators of MBARI, was another aspect of the summer which I closely observed and took part in, contributing to my ever-developing ability to work as an effective team.

In addition, my time at MBARI this summer allowed me to gain new insight into the field of oceanography and the daily life of a marine scientist, met an enormous number of fascinating people doing equally fascinating research, and found MBARI to be a extremely pleasant work environment to which I would love to someday return (if I ever deviate back into science after my time in environmental law, my chosen career path).  I had the chance to meet an inspiring group of young interns from all over the world with many shared interested, who taught me a great deal about myself, about the world, and about the field of marine sciences.  Lastly, I had the opportunity, in my free time, to explore the beautiful area of Monterey Bay, complete with its rich marine life and stunning terrain, which made the already amazing summer even more rewarding and complete.
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