Coupled Thermal-Hydrological-Chemical-Mechanical-Biological Experiment

Eric Sonnenthal and collaborators (LBNL)

Scientific Basis
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Many natural and engineered earth system processes involve strong coupling of thermal, chemical, and mechanical processes in rocks that are heterogeneous (physically and chemically) at a wide range of spatial scales. One of the most pervasive processes in the Earth’s crust is that of fluids (primarily water) flowing through fractured heated rock under stress. Although we can sometimes analyze the rocks and the fluids for their physical and chemical properties, it is very difficult to create quantitative numerical models based on fundamental physics and chemistry that can capture the dynamic changes that have taken place. Specifically, multicomponent chemical and thermal diffusion, multiphase flow, advection, and thermal expansion/contraction are taking place simultaneously in rocks that are structurally and chemically complex (a heterogeneous assemblages of mineral grains, pores, and fractures) and opaque (see schematic of multiphase reactive transport at the fracture-matrix interface at right). This makes what could be a basic fluid dynamics problem into something that is much more intractable. The only way to fully understand such processes is to carry out well-bounded experiments at a range of scales that can be interrogated and modeled.

The Homestake Mine presents a unique opportunity to investigate coupled thermal, hydrological, chemical, mechanical, and biological processes in a very different geologic, mineralogic, and hydrologic environment than has been attempted previously. First, the metamorphic mineral assemblages making up rocks are very different from the rhyolitic tuffs and granites which have been studied in other heater tests, and have stronger anisotropy. In addition, prior thermal tests have generally been focused on thermal-mechanical effects and less on geochemistry and certainly much less on biology. Reaction-rates are highly dependent on reactive surface areas, which in turn are a function of the hierarchy of scale of fluid flow, geologic structure, and mineral fabric.  Hence, the well-developed metamorphic fabric of the Homestake iron formation and the adjacent lithologies would provide a unique system in which to monitor fluid flow and reaction-transport processes under a well-controlled thermal environment. The analysis of thermal waters using stable and radiogenic isotopes as well as major ion geochemistry would yield a wealth of information that could be used to validate coupled process models that include thermal, hydrological, chemical, mechanical, and biological processes.  For example, because the rocks are approximately 2 billion years old, the 87Sr/86Sr ratios of the individual minerals will be very different owing to the different initial Rb/Sr ratios in the minerals.  Therefore, shifts in the isotopic ratios of strontium in waters reacting with the minerals could be used to constrain their rates of reaction under hydrothermal conditions. One could also look at the microbial population as a function of temperature and rate of heating, and evaluate the effects of changing conditions (temperature and geochemistry)

In terms of understanding thermally-induced fluid pressurization, hydrothermal convection, mechanical deformation, and mineral alteration, heating of these rocks under saturated conditions would allow for investigation of strongly coupled processes that are an important phenomenon in many geological environments, but which have never been studied under well-controlled conditions over long time periods and large spatial scales.  Experiments at the scale of 10’s of meters or larger rock blocks could be sited between existing adits and monitored from adjacent adits. Because of the low thermal conductivity of rocks, the effects of heating would be localized to a relatively small region around the heated block. Many coupled processes and their effects could be examined, such as fracture generation and propagation, microseismicity, microbial and colloid transport and plugging. The experiment would also be a unique system to test novel geophysical techniques as well as in-situ thermal, chemical and biological sensors in extreme environments over long time periods.

The quantitative understanding of these processes is necessary not only from the scientific perspective, but also to society in several important areas – hazard prediction and mitigation (e.g., earthquake dynamics, volcanic-hydrothermal interactions, landslides), resource recovery (geothermal injection, hydrocarbon stimulation), and subsurface waste storage/sequestration (nuclear waste and carbon sequestration). Our ability to quantify these processes to the extent needed for assessment of the safety and efficacy of such systems necessarily requires well-controlled experiments and numerical models that capture the salient physical and chemical processes.

Planned Experiment

[image: image2..pict]Initiate and organize coupled process collaboration for experiments at the 4850 Laboratory and the Homestake DUSEL with a phased approach. 1) The first research focus is to on coupled processes induced by heat sources, using single heaters to heater arrays in selected blocks (10x10 m2 heater array). A schematic diagram of a conceptual design of a similar planned test (not performed) is shown in the second figure. (2) The second focus is on rock alteration, resource genesis, and sequestration potential over reservoir scale (over kilometers), with multi-decade long experiments to evaluate fractured formations for enhancement of production and for sealing leakages.

Space Requirements

(1) 50 x 40 x 40 m block for planat heater array experiment, (2) drift complexes for controlled multi-drift and multi-ramp experiments, (3) subsurface and surface laboratories for sample analyses.


TimeLine (to be coordinated with 4850 and DUSEL Development):

2008-2009 block selection after dewatering operation at deep sites

2010-2012 THMCB block experiment design and instrumentation

2013- deep and large block testing 

Collaboration Strategy:

 
We envision that the collaboration will have spokesperson(s) rotated among participants. Each organization will seek funding for specific tests and tasks individually or collaboratively from agencies and industry. The collaboration will interact with other NSF and DOE programs or initiatives to use Homestake DUSEL facility for coupled process studies, and related problems in hydrogeology, geophysics, geochemistry, ecology/microbiology, and rock mechanics and geoengineering.
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