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The question(s)

What is the spatial distribution of chemical and physical conditions expected in a spreading center hydrothermal system, and what portion of that environment is potential habitat for thermophilic microorganisms?

What's the intrigue, the puzzle, the point, and the strategy?

The intrigue is in an interdisciplinary problem elucidating an unknown biosphere with implications for the search for and origin of life in our solar system.  The point is to guide further field exploration of the subsurface biosphere.  The puzzle is how to combine fluid dynamics and aquatic chemistry.  The project is strategic in that numerical modeling is a portable skill and analogous reactive transport problems are common in the earth and environmental sciences: melt migration in the lower crust, acid deposition, groundwater contamination, eutrophication in lakes, toxic organic compounds, acid mine drainage, etc.

Motivations

The extent of the microbial habitat in the deep, hot biosphere (Gold) and especially within the oceanic crust has historically defied sampling efforts.  As new (and expensive!) technologies and techniques begin to make possible the characterization of the subsurface habitat, good theory (including biogeochemical transport models) will guide efficient, successful exploration.  In the upcoming decade, such theory will also help constrain in which specific environments on other bodies in our solar system we search for the signs or presence of life.  As we continue the difficult task of exploring basaltic crust with drills, we should be informed by the best possible theory, and thereby focussed on testing well-developed alternative hypotheses about the nature of the subsurface!

Now is the time to build a chemical transport model that characterizes not only the temperature (T) and pressure (P) fields in particular parts of hydrothermal systems, but also the corresponding distribution of biologically important chemical species.  Such a construction depends on combining and refining recent advances in hydrothermal fluid circulation models, in high temperature and pressure thermodynamic data for seawater-basalt reactions, and in thermophile requirements and tolerances.

Optimally, a doctoral dissertation exposes a student equally to theory, (laboratory) experiment, and (field) observation.  My thesis topic is weighted unequally towards the theoretical process, centering on the challenge of combining chemical and physical modeling.  However, the numerical modeling will ultimately guide future experimental efforts and novel field observations, processes that may become part of my dissertation (if time and opportunity allow), or perhaps my career.

One possible experimental complement to the proposed modeling project is the construction of sea water + basalt reaction simulations at realistic temperatures and pressures.  Dr. John Holloway of Arizona State University is best equipped to build model hydrothermal systems and has agreed to host and advise me for an appropriate experimental period.  One experimental approach may use a pressurized (~250bar) system in which a simulated hydrothermal fluid (in equilibrium with ~400-700oC basalt) is injected into a basaltic matrix permeated with deep (2oC) seawater to explore how mineral precipitation and dissolution alters the permeability of the matrix, as well as how chemical gradients and fluid flow evolve within the mineralized matrix.  The results could help to refine how permeability is parameterized in the numerical reactive transport models.

This work aims to guide new approaches to field work, but testing novel techniques – like mapping microbial biomarkers within thoroughly studied ophiolites – is too risky to warrant explicit inclusion in a graduate dissertation proposal.  During the course of my research, technologies (like hyperthermophile or archaeal genetic probes) will likely be developed to successfully sample the axial ridge subsurface (at long last).  I anticipate using them during my post-graduate research career to acquire the observations that will confirm or revise the modeled extent of subsurface microbial habitats. 

Previous theoretical and laboratory efforts:

Prior to discussing how I will approach the modeling challenges, I would like to review previous, similar efforts, primarily in an attempt to ensure that I am not missing any useful references.  Below, I list pertinent references regarding (1) fluid flow models, (2) geochemical transport models, and (3) biogeochemical models and microbial tolerances.

1) Fluid flow models
A substantial sequence of fluid flow models have addressed how P and T fields are established in a wide variety of hyrothermal situations within mid-ocean ridges.  An important aspect of these models is how permeability is parameterized; the most common approach is to consider permeability constant and uniform, and usually a function of crack spacing, crack width, and/or crack anisotropy.

Fluid circulation models (use to establish of reasonable physical boundary conditions):

Lister papers

Lowell, 1991

Travis, 1991

Alt?

Mottl?

Canns

Rosenberg, 1993; 

Wilcock, 1998

Cherkaoui and Wilcock, 1999

2) Geochemical transport models

An equally substantial series of papers have explored the precipitation and dissolution of particular minerals (mostly SiO2 and SO4) in a deep sea hydrothermal context.  These models investigate the legitimacy of assuming that equilibrium is established during the mixing of hydrothermal fluid and sea water within a porous medium.  Some argue that kinetics must be modeled for particular reactions.  Occasionally, a model parameterizes permeability in a new way (e.g., close-packed spheres, rather than crack distributions), and most models discuss the evolution of the permeability field.  

Geochem+Precipita/Dissolu/tion (sources of thermodynamic data and modeling approaches):

Martin et al, 2000
Precipitation of quartz during high-temperature, fracture-controlled hydrothermal upflow at ocean ridges: Equilibrium versus linear kinetics

McCollom and Shock 98
Fluid-rock interactions in the lower oceanic crust: Thermodynamic models of hydrothermal alteration

Bolton et al, 96
A model for the kinetic control of quartz dissolution and precipitation in porous media flow with spatially variable permeability: Formulation and examples of thermal convection

Wilcock and Delaney 96
Mid-ocean ridge sulfide deposits: Evidence for heat extraction from magma chambers of cracking fronts?


Lowell et al, 93
Silica precipitation in fractures and the evolution of permeability in hydrothermal upflow zones

Wells and Ghiorso 91
Coupled fluid flow and reaction in mid-ocean ridge hydrothermal systems: The behavior of silica

Sleep 91
Hydrothermal circulation, anhydrite precipitation, and thermal structure at ridge axes

Janecky and Seyfried 84
Formation of massive sulfide deposits on oceanic ridge crests: Incremental reaction models for mixing between hydrothermal solutions and seawater

Rimstidt and Barnes 80
The kinetics of silica-water reactions

The web site of Steefel (http://) depicts the types of distributions (for SiO2 and SO4) that I expect to generate for a suite of biologically significant compounds and elements.  My models will be developed within a more explicit and realistic context, constrained by a variety of field observations from the Endeavour Segment hydrothermal system that our UW MORP group continues to scrutinize.

An even more extensive literature encompasses the development of active transport models with terrestrial (subaerial) applications.  I have not delved deeply into this realm, but there may be some references that describe useful techniques – addressing both parameterization of permeability and numerical problems in combining geochemical reactions with fluid flow.

Nielson, ed.

GSA workshop (borrow from John Delaney)

Further Yucca Mountain refs?

3) Biogeochemical models

The McCollom papers represent the strongest link yet between geochemical distributions and microbial habitats in the subsurface.  The approach of McCollom and Shock, however, begins with a fairly simple temperature distribution (a linear gradient in an unspecified mixing zone) and maps zones: an/aerobic, reduction/oxidation energy sources, high/low pH, etc.

Microbial requirements, tolerances, and energy sources (chemical species prioritization):
McCollom 2000
Geochemical constraints on primary productivity in submarine hydrothermal vent plumes

McCollom and Shock 97
Geochemical constraints on chemolithoautotrophic metabolism by microorganisms in seafloor hydrothermal systems

 (Pledger; Holdren; Staudigel; Thorseth; etc)  


The environmental (P, T, chemistry) requirements and tolerances (and influences) of microbes can be determined experimentally.

Proposed approach

Although I will begin simply, I expect the final models to include and assess the effects of phase changes and the extrema of fluid properties (heat capacity, viscosity, density) encountered near the critical point.  An appropriate parameterization of permeability in each model will pose a special difficulty that I will probably address by following in Lister's footsteps...

I propose to develop increasingly complex numerical models, in a series according to the following list, paying particular attention throughout to what is known about the subsurface (circulation geometry, fluid chemistry, boundary conditions, etc.) of the Endeavour Segment hydrothermal system.

Model 1
Uniform permeability convection (after Abdul’s and Will’s work)

Model 2
Basic non-reactive transport model (mapping the distribution of He, or a similar tracer)

Model 3
Basic reactive-transport model (reproduce Steefel results for SiO2 and SO4; utilize chemical data from ES fluids…)

Model 4
Analysis of the Schultz conundrum

Model 5
Transport of microbially-pertinent chemical species in the Endeavour subsurface


(magma chamber heat source)

Model details

1&2) Simplest model

IMPLEMENTATION:

Use matlab or C.  Consider investing in PHOENICS access.

DESIGN:

Steady state

Porous basaltic box, open on top

Bulk (not heterogeneous) extrusive permeability = 10^-12 m2/s (Talk to Meg Tivey)

Constant heat flux into (or T at) base

Conservation of energy

Non-reactive chemical tracer (He?  Mn?)

No dissolution/precipitation (constant permeability)

No phase change or super-critical considerations (no non-linear fluid properties)

Input fluid is at equilibrium with reaction zone basalts  (Constraint: undiluted hydrothermal fluid chem)

Reasonable (moderate?) Rayleigh number

OUTPUT:  

Model 1: 
Not only isotherms

Model 2: 
Add isochems of a non-reactive tracer

3) Add in the best chemical approaches
IMPLEMENTATION:

Matlab would be excellent for manipulating geochemical matrices.

C might be necessary at higher model resolutions.

It may be useful to begin with or study non-commercial UNIX programs:


SUPCRT92
Thermodynamic data base and equation of state




Updated data via Everett Shock web site


OS3D+GIMRT
Coupled flow and multi-component reactive transport models


There are a number of other models, but most focus on lower temperature ranges…

DESIGN:

Begin with Model #1, then add:

Non-constant, heterogeneous permeability parameterization

Geochemical characterization of basalt, sea water, and all relevant reactions

Map distribution (and evolution?) of reactive species, starting with SiO2 and SO4, and of precipitation/dissolution patterns.

Basalt:

Sea water:

Reactions:

(Recipe; species; components; tableau; mass balance eqns!)

4) Application to a sulfide structure box model
IMPLEMENTATION:

Same as in Model #2.

DESIGN:

Idea: Try starting with K=1, not 10^-12; then let precip occur between equilibrated HT fluid and SW, building permeability (chimney? flange?) structures.... resolution at size of mineral crystals (1mm-1cm)?  CRUX is deciding how to parameterize permeability wrt xstl formation...  Or start a subsurface model with uniformly clogged matrix and utilize a dissolution channeling model... 

[Russ 3/26: Will the result be independent of the starting point?]

[Russ 3/26: One tricky issue is growth at the boundaries in an infilling versus structure creation sense.]

Motivating puzzle: Schultz partitioning and Butterfield gradients

Schultz et al (1992) determined the flux of heat from diffuse flow is about 10X that from focussed flow in the Main Endeavour vent field.  His field measurements (of diffuse flow atop Peanut and focussed flow on a different structure nearby) show that the ratio of focussed to diffuse venting temperature is ~30, while the ratio of focussed to diffuse fluid flow is ~10-1.  A simple box model (at right) of the balance of heat and volume suggests that a substantial volume of seawater must enter the "sides" of the upflow zone (either through the sulfide structure, or the underlying stockworks) to generate the observed ratios of temperature and flow.

Further evidence that a hydrothermal endmember mixes with seawater in the subsurface beneath a single structure is that the intra-structure (smoker, flange, and diffuse fluid) chemical concentrations reported in Butterfield's (1990) thesis "appear to lie along single dilution lines."  Inter-structure chemical data (e.g. Butterfield thesis, Mixing Zephyrs data) suggest that the hydrothermal endmembers equilibrate with basalt in the reaction zone under distinct conditions (differential heating, phase separation, and phase segregation), but how exactly are they diluted with seawater to form the observed range of intra-structure vent fluid chemistry and temperature?  The plot at left juxtaposes Butterfield's data from a single structure with results of McDuff and Edmond (1982) for incremental non-conservative mixing of seawater with a (comparable, Galapagos) hydrothermal endmember, and suggests that anhydrite precipitation should occur as SO4-rich seawater mixes with Ca-rich hydrothermal fluid.

Are the measurements of Butterfield inconsistent with those of Schultz?  Or, is the "structure" growing substantially in the subsurface as cold seawater is continuously entrained and mixed with the upflow?  If such growth is occurring, how does it affect microbial habitat?  Could the geochemical processes involved (precipitation, dissolution, equilibria) explain the surface venting patterns of chemistry and temperature, as well as the temporal variations that have recently been observed?  At what depth is entrainment of seawater zero?  And at what depth is high temperature upflow isolated throught precipitation/dissolution channels?

Is there a strontium concentration anomaly in Butterfield's data (suggesting CaSO4 deposition in subsurface) [SR]sw=87umol Sr/kg...?

REFERENCES:

Rate of mixing?  Kinetics of precipitation? Mg hydroxysulfate stability field reached?

Tivey et al, 99
A model for growth of steep-sided vent structures on the Endeavour Segment of the Juan de Fuca Ridge: Results of a petrologic and geochemical study

Tivey and McDuff, 90


Shultz et al, 92
On the partitioning of heat flux between diffuse and point source seafloor venting

M91:  Seyfried; Alt/Mottl; VonDamm; +?

5) Emulating the McCollom approach

Same as Model #3, but focussing on species that constrain the microbial habititat.

ADDITIONAL possibly useful REFERENCES and ideas:

Model constraints:

Zierenberg et al, 98
The deep structure of a sea-floor hydrothermal deposit

Stakes and Schiffman, 99
Hydrothermal alteration within the basement of the sedimented ridge environment of Middle Valley, northern Juan de Fuca Ridge

Shultz and Elderfield, 97
Controls on the physics and chemistry of seafloor hydrothermal systems

Geochemistry of chimneys (ask Katy Shaw)

ENDEAVOUR:

Time dependence of T; tidal oscillation correlation... (McDuff and Delaney; others...)

Floc: initial expulsion of elemental sulfur?

Inter/Intra-field Cl patterns?

Unexpectedly high CH4 concentrations at Endeavour

OPHIOLITES:

Mineralization: Nehlig?  Gillis?  Kelley?

Biomarkers?!?

CORES:

Gabbros and below:

2nd phase of CH4 formation is ~400oC seawater serpentinization and reduction of magmatic CO2 or seawater CO3.  Kelley (1996)

U.W. School of Oceanography Ph.D. Dissertation Proposal

Heat Flux and Rise Height in Buoyant Hydrothermal Plumes

Scott Veirs

Draft: March 28, 2000

Potential Committee Members:

Russ McDuff, Will Wilcock, Rick Thomson, Marv Lilley, Bill Lavelle

Motivation:

We have a lot of ridge crest through which heat is flowing.  Measuring it in the FlowMow fashion is impractical, but surveying the rise height of plumes over the ridge crest is fairly straightforward (witness Baker on the EPR).  IF it is possible to infer an order of magnitude heat flux from rise height (and ambient cross-flow) measurements, then we have a handy technique for assessing global hydrothermal heat.

But, why do we want to know the actual global heat flux?  (Physical ocean incentives?  Fe?  Mg or Mn budgets?)  Is in not enough to know the flux accurately in one place and extrapolate to all known places?

Theory:

Re-derive the Middleton equations for the trajectory of a plume bent over in a cross-flow

Implement a 3D numerical model of the plume rise that includes the effect of entrained buoyancy

Experiment:

In collaboration with Will's fluid dynamics course, develop and test the relationship between N, B, M, and U.  Utilize the (stratified!) flume to observe uniform cross-flow effects.  Use a linear drive to move the source in an oscillatory mode.  Construct experiments scaled appropriately to hydrothermal+Pacific field conditions.

Observation:

While the FlowMow experiment is underway, monitor both cross-flow velocities and (coalescing) plume rise height over the Main Endeavour Field.  This will establish a field test of the relationship between heat flux and rise height.  An additional opportunity would be to attempt to reproduce Thompson's instantaneous heat flux measurement of the MEF integrated plume.  Assuming an order of magnitude accuracy can be guaranteed for the rise height inference of heat flux, the rise heights over other known sources could be attempted to better constrain the segment-scale heat flux.  
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Motivation:

The Orca whales of the Salish Seas are keystone predators in a human-influenced ecosystem.  Particularly susceptible to biomagnification of pollutants, their life histories and submarine behaviors are basically unknown.  With a research program focused on understanding the status and fate of local whales, a non-profit sailing science school would be perfectly positioned to solicit substantial donations and elicit phenomenal public support of environmental problem solving and education within the Northwest region.

Theory: 

Develop optimal foraging model, considering the advantages of echolocation and (social) communication within the oceanic environment.     

Experiment: 

Deploy local phased array of hydrophones on west side of San Juan Island to locate whale sounds.  Intercompare distinct algorithms for automated detection and apply techniques to archived and real-time SoSuS data for the NE Pacific.

Observation:

Photo document submarine behavior using rebreathing SCUBA and underwater audio/video at Lime Kiln Point.  Solicit the use of Deep Flight for open ocean observations, guided by SoSuS locations and ship-board monitoring.

