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1) ABSTRACT (new projects only)
This is a request for continuation of the highly successful MBARI Greenhouse Gases research theme. This has its origins in a breakthrough January 1996 Ventana dive in which novel techniques for creating gas hydrates in situ were first explored by a MBARI (plus Stanford) Science and Engineering team. This theme, unique to MBARI, of creative experimental use of MBARI’s deep-sea vehicle technologies by the combined efforts of scientists, engineers, and operations teams has now resulted in approximately 50 papers, and worldwide recognition and international collaborations. The topic of contemporary greenhouse gas ocean geochemistry is of fundamental importance to society. In 2006 we wish to begin the third phase of this program, which now incorporates into field science the successful development of laser Raman techniques.


Specifically we propose: 

i) To continue our work on the fate of CO2 released into the ocean, whether by direct injection, or the vastly larger atmospheric invasion signal, and to design and carry out controlled experiments to simulate this. This work has been given new prominence and impetus by the impending release of the authoritative IPCC report in which MBARI research is prominently figured. And also by the successful 2004 SCOR/IOC meeting, and the subsequent 2005 UK Royal Society report on ocean acidification.
ii) To continue our work on methane hydrates, now fully incorporating in situ Raman techniques. This will be in strong collaboration with Prof. E. Dendy Sloan, with NURP funding for our joint efforts on MBARI ships with a proposed expedition leg to a site off Vancouver Island.

iii) To transfer the older Raman system from prototype field use to a laboratory system, and initiate the techniques essential for that. And to initiate field work with the new, and much improved DORISS II system.
iv) To complete work initiated in 2005, and to take care of earlier project components that, whether, through time or support pressures, have not yet been realized.
2) PROPOSAL
a) The problem addressed (new projects only)
Statement of the problem

The problems we address now have a long and successful MBARI history of matching Institutional science and engineering skills and assets with scientific problems of importance to society, and providing a steady stream of technologies for their investigation. For 2006 the problems may be stated as:
i) Make critical advances in carrying out important experiments on the behavior, and effects of, a CO2 perturbed ocean so that theory may be tested, and successful environmental predictions made. MBARI is a world leader in this field.
ii) Use and enhance MBARI’s ROV assets, including our newly enhanced DORISS II laser Raman techniques, to probe the large scale exposures of methane hydrates on the sea floor, so that their stability, composition, and lifetime may be known. And to compare these signals with controlled experiments in local waters so that departures from ideality may be recognized.
iii) Initiate a program of laboratory Raman measurements to make full use of our investment in the prototype DORISS I system. The problem is the fundamentally low sensitivity of the Raman signal. The proposed solution is to develop liquid core wave guide techniques to enhance detection limits for the dissolved oceanic CO2 system by a factor of 50 over the present configuration.
iv) To put aside time and resources for the completion of work begun in 2005, and for its publication, so that MBARI’s investment is rewarded.
Why it is important
i) The very large scale present and future transfer of fossil fuel CO2 to the ocean has long been articulated by us as a critical research theme (Brewer, 2004) in its own right, independent of any climatic effects. Society faces critical economic and energy choices to deal with this issue, and at present it seems unlikely that changes in world energy strategy will result in CO2 emissions reductions of the required scale. Therefore understanding and predicting the impact of both proposed active CO2 disposal as a possible emergency measure, and the near inevitable enormous passive disposal, is a crucial scientific goal for society.

ii) Methane hydrates have long been invoked as a mysterious and potent oceanic phenomenon, capable of providing a future energy resource, or playing a role in sea floor instability. By direct spectroscopic measurement of the hydrates in their native state we can more accurately represent the scientific basis for these claims.
iii) The use of lasers as a physical or communications tool for ROV enabled deep-sea science is both essential and commonplace. But the simple and powerful extension of this to geochemical measurement has been slow in coming for reasons of both complexity and vision. We have already made the critical technology breakthroughs in successfully fielding a bulky prototype system. We now have the opportunity to use a field system weighing some 200lbs less, and to explore the possible direct spectroscopic detection of the HCO3 and CO3 ions in sea water, thereby providing a fundamentally new way of examining the ocean CO2 system.
iv) MBARI has already made the investment in initiating projects in 2005. Time formally put aside in 2006 for analysis and publication reaps the rewards of this, and is an essential scientific duty. For some work delays of ship time, and lack of available resources, means that work conceptually approved for 2005, must be carried over to 2006. It is important that this be seen through or holes in the knowledge base and logical arguments of science will appear.
Present state of art/understanding

In each case the project components we are proposing have a respectable history of prior investigation. Thus the state of the art is in many ways defined by our earlier publications and those of our colleagues. In particular MBARI’s advances in planning and executing complex deep-sea experiments now define the state of the art in the areas of interest.
How it relates/contributes to MBARI’s mission and strategic plan

All of the projects listed have the theme of combining the talents of scientists and engineers to make fundamental advances in deep-sea science that is both societally important and technically challenging. In this way we contribute directly to MBARI’s mission.
b) Approach to the problem (new and continuing projects)
Status of project

i) Controlled experiments in Monterey Bay

Our approach has been to take maximum advantage of MBARI’s unique location close to deep water, and the unparalleled access provided by our deep-sea vehicle assets and the skilled operators of them. This has in the recent past resulted in a string of now classic papers in which painstaking work has paid off. Meticulous observations of rising liquid droplets are now used to simulate ocean CO2 sequestration, and to describe the fate of liquid CO2 released from sea floor volcanoes. Our grasp of theory has resulted in discussions of subsurface CO2 transport of the highly soluble gases as the mechanism for He enrichment at hydrothermal vents, and invited speaker status at AGU volcanology sessions. Precise work on the fate of hydrate forming gases in the water column is now used to model the fate of gas plumes around the world. We wish to continue these efforts.

a) Steps towards a FOCE capability


b) We wish to extend the earlier work on gas plumes by adding H2S to the system as the next logical step. H2S is a common constituent of sea floor gases, it readily forms a hydrate, it is strongly Raman active, and it results in sometimes massive from the sea floor – so large that the effects can readily be seen by satellite as milky sulfur granules color the ocean surface (Weeks et al., 2004). This results in massive fish kills and water column anoxia. It also contributes to, and can confound models, which describe the fate of gas releases from the sea floor, widely seen from their acoustic signature. (McGinnis et al., In Press). 

Our strategy will be to carry out two Ventana based 2-day experiments: one will repeat the “bubble box” study of Rehder et al. (2002) with the addition of trace H2S to the mix so as to observe the changing lifetime and component fractionation of a rising bubble stream. The second will repeat the Raman study of gas fractionation of White et al. (2005) in which gas fractionation was spectroscopically observed in real time at constant depth. These two experiments have strong theoretical basis; they will serve to lay to rest much debate over the fate of gas streams, and will set observational demands.
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c) Our early work on methane gas hydrates has had remarkable impact (including the establishment of an energetic small business in St. Petersbug, FL supported by DARPA/ONR funds). It led naturally to work on CO2 hydrates, and from there to a host of very prominent activities. These two themes are related in unusual ways. For some years now there has been a thriving undercurrent literature among hydrate researchers, in which the theoretical basis for self conversion of CH4 hydrate to CO2 hydrate has been explored. In this situation one could in theory inject liquid CO2 into a methane hydrate system, convert the CO2 to a solid form, and release free CH4 gas. The argument is based upon thermodynamics, and mechanistic steps are understated. 

The interest in this reaction is both fundamental and practical; it is a possible natural mechanism raising questions over hydrate stability, and it is a possible CO2 disposal strategy (or complication) for many sub-sea environments.

Very slow conversions were earlier reported in ultra-low temperature 1 atmosphere systems. Recently a team at AIST, Tsukuba (Komai et al., 2002) showed in an elegant Raman study that more rapid conversion occurred as the temperature was raised close to the ice point. But for technical reasons they could only speculate on the role of liquid water.
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Figure. From Komai et al (2002) showing the conversion of CH4 hydrate to CO2 hydrate

We have often observed the remarkable role that self-generated hydrostatic instabilities can play in 3 component hydrate systems – most notably in the famous “overflowing beaker” experiment.

We can speculate on a mechanism and experimental protocol as follows:

The thinking is essentially that, in a water-restricted system, the lower thermodynamic state (greater stability) of a CO2 hydrate at any given T and P, will result in piracy – a transfer of the host water molecules from the CH4 system to the CO2 system, with evolution of CH4 gas, and formation of a solid CO2 hydrate.

Is there a possible reaction pathway that would lead to more rapid conversion? – and could we observe this?

Consider a sea floor experiment within the phase boundary of both the CO2 and CH4 hydrate systems, say at a depth between 600 and 1000m in Monterey Bay. Construct an inverted chamber of say 1 – 2 liter volume. Fill the chamber 50 % full with buoyant liquid CO2. Add to this a slug of CH4 hydrate using techniques similar to those in  Rehder et al. (2004) – that is removing a hydrate hotel with an open bottom from its pressure housing. The buoyant CH4 hydrate is contained within. Tilt the hydrate hotel under the CO2 chamber, and allow the slug of solid hydrate to float up. The buoyancy stack is that the least dense CH4 hydrate will be immersed in the liquid CO2 phase, which floats on top of the sea water phase. Then close the lower door on the chamber, restricting the water system. Observe the system both visually, and with our Raman techniques.

The CH4 hydrate must establish a saturated aqueous boundary layer. The solubility of H2O in liquid CO2 is very small (~0.2%). The aqueous boundary layer must also become saturated from the other side with CO2. The solubility of CO2 is high (~0.7M) and the saturated aqueous layer becomes dense enough to sink down through the liquid CO2. This depletes the boundary layer at the upper surface of the hydrate, and the hydrate must dissolve further to maintain thermodynamic status. The guest CH4 is released, and some will dissolve in the liquid CO2 in which the hydrate is bathed; some will appear as free gas, and migrate to the top of the chamber, forcing down the liquid CO2 phase.

At the lower H2O-CO2 interface the sea water will simultaneously be being enriched by simple dissolution of the liquid CO2. We now that rate reasonably well. Once the lower aqueous phase is saturated then spontaneous hydrate formation could occur.

The existence of the free gas, the saturation state of the aqueous phase, and the formation of CO2 hydrate could all be seen with our Raman techniques, and visual reference would also work well.

The advantage of this system is that it avoids use of liquid N2, as some lab studies have used, and that we have control over the volumes of fluids we use so that conditions may be optimized. The chamber design, with door control, has to be thought through.

ii) Barkley Canyon Hydrate Exposure Expedition

We propose to carry out a summer 2006 northern expedition leg in collaboration with E. Dendy Sloan (Colorado School of Mines) who is supported by NURP funding for this purpose. The object is to extend the work on the in situ science of methane hydrates by visiting the massive hydrate exposure site in Barkley Canyon, offshore Vancouver Island. We have contacted Ross Chapman (U. Victoria) as a Canadian participant. The Barkley Canyon site was discovered by commercial trawlers, who unfortunately (or serendipitously) snagged many tons of hydrate thereby locating the site. An image of a pingo-like structure is shown below. These targets are far bigger than the minute specimens recovered earlier by us at Hydrate Ridge (Hester et al., 2005) but successfully analyzed by in situ Raman techniques. In that experiment we discovered that the hydrates formed had an unusual quantity of free gas dispersed within the crystal framework. Teasing out the signal so as to distinguish between caged and free molecules required pushing calibration systems to the limit. Since then we have diagnosed the problem responsible for calibration shifts in DORISSI, and have an elegant solution in DORISS II.

The large hydrate quantities mean that we can obtain numerous spectra, but also carry out additional studies: removal of specimens for dissolution rate determination (Rehder et al., 2004), and rise rate and decomposition rate experiments etc.
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Figure. A large (1 m high) pingo of hydrate exposed on the sea floor in Barkley Canyon at 800m depth. Such large structures are ideal DORISS/PUP targets.
Results to date
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5) RISK MATRIX (development and infrastructure projects only)
Please carefully read Section 5.2.3 in the instructions for internal proposals for an explanation regarding the risk matrix. This table must be completed for ALL development and infrastructure proposals (new and continuing). The instructions can be found at http://mww.mbari.org/resources/2006_Proposal_Process/Internal-only_Instructions_2006.htm.
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