Discovery at an Active Deep-Earth-Processes Laboratory at DUSEL
Motivation: Understanding the evolution of the deformability and transport properties of rocks is important in a broad range of endeavors in geological engineering and in geological science. These include the static and dynamic interaction of stresses and fluid pressures related to rupture and nucleation within the earthquake cycle, in the mechanical response around engineered underground openings, in the recovery and disposal of fluids and energy in fractured reservoirs, and in the cycling of fluids and heat in the shallow crust. These factors influence the sustainability of resources and quality of life for society at large.

Approach:  This active deep-Earth-processes laboratory will provide a focus for experiments to both characterize the initial state (stress, strain, fluid saturation) of rock in situ, and to then measure its static and dynamic response to internally and externally applied thermal, fluid and mechanical loads. This sequence provides the basis for (1) developing and ground-truthing methods for in situ characterization (Transparent Earth), for (2) understanding the short-term response to fracture and rupture in rock at intermediate scales, and in (3) understanding the long-term response to chemical and biological processes. These activities are sequential: geophysical characterization will define the initial state of the system which is then perturbed over the short- or long-term and probed by active and passive geophysical signals to define response. These observed will inform new process-based understanding of behavior.

1 Characterization of Initial State and Active Processes (Transparent Earth) 

This thrust will use seismic and electromagnetic interrogation methods to visualize both active and passive earth processes on several scales.  Seismic imaging offers perhaps the best pathway for imaging damage dynamics in rock.  DUSEL offers the ability to monitor the signals emanating from in situ damage from a broad scale of sources and travel paths combined with the opportunity to actually know the source and to excavate back to it for ground truth. These techniques are appropriate to short- and long-term experiments identified below.

Seismic imaging will incorporate scale-appropriate sensors with wide-band high-fidelity response to resolve fracture at separations of meters to hundreds of meters from the event. A embryonic transparent Earth seismic observatory is currently being installed at the Homestake-scale, but many more instruments are needed to give full 3-D areal coverage of the mine workings and to allow for geo-tomography studies. Similar deployments will be applied at the multi-drift scale and at the scale of the Coupled THMCB and Active Fracture Processes Laboratories. These arrays will allow high-fidelity full-waveform analysis of rupture events to explore complex modes of failure at moderate scale, to define energy budgets, and for 3-D tomographic imaging for mechanical and transport properties, and their evolution in space and time. This will allow stress-drop and energy budgets to be defined at intermediate length scales and to resolve Gutenberg-Richter (b-value) relationships at intermediate length scales. Such quantitative analyses enable vectors of rupture displacement to be resolved at intermediate scales, and to contribute an overall understanding of fault mechanics and friction with application to an understanding of the earthquake cycle. 
Similar arrays of electromagnetic sensors may enable electromagnetic imaging of the fracture process, fill in missing components of the energy balance, and provide an absolute time marker for source location as added constraint for interpretation by elastic wave theory. The same arrays will allow streaming-potential precursors to fracture to be investigated as well as the imaging of fluid transport in the resulting fractures. 

2 Coupled THMBC Processes Laboratory (Intermediate- to Long-term Response)

The long-term response of fluid reservoirs in fractured rocks and seals will be investigated in this laboratory, using a large block of naturally fractured rock and rocks with induced fractures created in the Fracture Processes Laboratory. The Laboratory will investigate processes related to reactive chemical transport, coupling beteween thermal-mechanical deformation and chemical transport, and multiphase flow. Each will involve the injection and monitoring of the migration and transformation of fluids within an intermediate-scale (meter to ten-meter) block. In some cases heaters will accelerate chemical and biochemical transformations, and their influence on the rates of sealing or etching of pathways and in modifying the deformability characteristics of the host.  

2.1  Reactive Thermal-Hydrological-Chemical-Mechanical-Biological (THCMB) Processes:  These experiment is will investigate a range of natural and engineered processes by creating a volume of heated rock and fluid which will be instrumented with sensors (mechanical, thermal, chemical) and ports for collecting fluid samples as a function of space, time, and temperature. It is expected that boreholes will be sited that traverse different regions of the heated rock, which are packed off to isolate a particular fracture or fracture set, into which fluids, gases, or even nutrients (e.g. lactate or H2) can be injected to perturb the local T, H. M, and/or C environment. Monitoring ports may be sited along the same fracture which can be used to set up directed flow along the fracture and the fluids extracted for analyses. In addition to geochemical and isotopic (stable and radiogenic) analyses on sampled fluids, gases and solids, a variety of state-of-the-art in-situ sensors should be employed. Specifically, the experimental block will allow for the investigation of :

(1) Effective reaction rates in fractured rock under single and multiphase conditions over a wide temperature range (ambient to at least 125(C)

(2) Coupling between pore fluids in the rock matrix and those in the fractures via chemical diffusion and advection under dynamic conditions of thermal deformation and fluid overpressuring

(3) Evolution of mineral alteration regions and fracture sealing zones with back-coupling to pressure/flow

(4) Stable isotopic fractionation and transport in fractured rock mineral dissolution/precipitation/sorption and biologically-mediated processes

(5) Microfracturing and shear associated with thermal overpressuring (microseismic activity)

(6) Effects of fluid chemistry on mechanical processes by injection of different composition fluids into zones of critically-stressed fractures

(7) Dissolution of ore minerals, migration and distribution of dissolved metals, and their fate via mineral precipitation and/or sorption reactions

(8) Evolution of local microbiological populations in the rock as a function of space, time, and THC conditions, with evaluation of back-coupled effects on geochemistry.
2.2  Multiphase Transport Processes: These experiments will investigate processes related to the safe sequestration of CO2, and to heat recovery form geothermal reservoirs. They will explore the effects of: (1) buoyant flow, (2) the transition from supercritical fluid to gas and liquid phases under different temperature and pressure conditions, (3) relative permeability and capillary pressure characteristics of multi-phase, multi-component flows, (4) dissolution into water, (5) adsorption or attachment of CO2 to fracture surfaces, (6) reactive geochemistry, and (7) microbially-enhanced chemical transformation on the transport and transformation of corrosive fluids at intermediate length scales. 

Large-scale controlled experiments may include: (1) injection of supercritical CO2 into a sand column representing a potential leakage path,  (2) injection into a horizontal test bed, either fully water-saturated representing an aquifer, or (3) partially N2-saturated as an analog of CO2-enhanced gas recovery (with N2 as safe proxy for CH4), (4) cyclic injection of CO2 into a fractured aquifer to evaluate the potential of a heat-transfer fluid in geothermal heat extraction, (5) injection into cemented boreholes to evaluate the durability of artificial seals, and (6) injection into a fracture or fault zone to study leakage. 

3. Active Fracture-Processes Laboratory (Short-to Intermediate-term Response)

The Active Fracture Processes Experiment is motivated by a widespread need to understand fracturing as both a deformation mechanism and a process for altering the transport characteristics of rock.    This experiment will advance understanding of processes associated with the initiation, propagation and arrest of cracks in rock, as well as the changes in transport and deformation properties caused by fracturing and related processes.   

The general approach will be to (1)  characterize initial conditions (stress, pressure, temperature) based on active and passive geophysical monitoring (Transparent Earth methods);  (2) perturb in-situ stresses to initiate a fracture;  (3)  monitor fracture propagation and arrest; (4)  characterize transport and deformation properties, and geometry of the fracture using innovative and proven methods;  (5)  excavate and describe appropriate regions of the fracture to verify monitoring and characterization data, as well as theoretical predictions.  Early experiments will focus on understanding fracturing and transport mechanisms associated with short-term tests on fractures created at scales of up to 10 m.  Insights from these tests will be used to plan and conduct experiments at larger spatial, and longer temporal scales, as well as experiments on natural fractures.

Individual experiments will be developed to evaluate fracturing processes associated with perturbing stresses in different ways; e.g.,  by injecting fluid, cutting slots or creating pillars, deploying jacks, cooling, heating, or other methods.  Each of these methods is expected to provide insights into important mechanisms operating at different strain rates, from slow creep to sudden rupture, and at different scales, from decimeters to tens of meters.   

A preliminary suite of experiments includes:

(1) Propagation of dilational fractures.  Inject a tracer-laden fluid to create hydraulic fractures and use results to evaluate segmentation, fluid lag, and other tip effects, along with fluid flow and transport within growing fractures. 

(2) Development of percolating fracture networks.  Use thermal techniques to modify stress state and create hydraulic fractures that intersect fractures in experiment 1 to evaluate and develop theories governing the onset of percolation through fracture networks.    

(3) Deformation characteristics of fractures.  Measure displacements, fluid flow and pressure during thermal and hydraulic loading to evaluate how fractures deform and change properties under dynamic and creeping conditions.    

(4) Mechanics of faulting and rupture.  Create faults in pillars and continuous rock using combinations of hydraulic and thermal methods to verify existing and formulate new theories about earthquake mechanics.   

(5) Scaling of fracture energy.  Evaluate energy required to propagate fractures of different sizes to address fundamental scaling relations required to understand in fracture growth in nature.

(6) Fractures and deep life.   Create isolated fractures in intact rock and monitor the hydrogen flux from the newly created fracture surfaces to evaluate the hypothesis that fracturing can produce compounds required for deep life.     

(7) Transport and deformation.  Characterize transport of mass, heat and microbes through fractures to advance theories related to terrestrial heat flow, stress corrosion, vein formation, microbial colonization and mobility, permeability evolution, and related processes.   

Techniques designed to image the geometry of fractures and measure their properties will be a critical component of these experiments.  Some of characterization techniques are available or will be developed as part of Transparent Earth.  We expect new characterization techniques will be developed in response to the opportunity to deploy and compare multiple methods under idealized field conditions and then verify results using physical field descriptions.  

4.  Synergistic Interactions
Synergistic activities include: (1) The desire to explore the role of H2 produced during fracturing as a mechanism of sustaining life at depth, where nutrient fluxes are meager (joint with Bio) – as noted above, and (2) The potential to complete muon tomography and neutrino imaging of the continental crust and bulk Earth is offered by the presence of neutrino and antineutrino detectors (joint with Phys). This imaging ranges from mapping density variations at the scale of hundreds of meters to defining energy budgets and inferring elemental composition at the whole Earth scale.  

Community Priority for First Suite of Experiments 
Community priority is yet to be established. National research priorities may influence specific choices. 
Roadmap 
Cost estimates are based on prior URLs involved in similar activities (Yucca Mountain, NV, and Pinawa, Manitoba). Experimental facilities for the Active Processes Laboratory comprise (1) Transparent Earth Activities, (2) Coupled THMBC Processes Laboratory including (2a) Reactive Chemistry Emphasis and (2b) Multiphase Flow Emphasis, and the (3) Active Fracture-Processes Laboratory.
Costs are based on the assumption of an upper campus (initiated 2011-2016) and a lower campus (initiated 2016-2021). After 5 years the upper campus will revert to background science activities. Science activities calculated at $200k per researcher per year.

Upper Campus (4100 MWE)
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Lower Campus (6400 MWE)
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Costs are order of magnitude estimates, only.
R&D Needs 
R&D needs include: 

1. Define the feasibility of conducting experiments with minimal influence on adjacent activities,

2. Defining appropriate setbacks between experiments.

3. ………

How to Arrive at Realistic Cost and Schedules
Realistic costs and schedules will be recovered from refined definition of community science goals experimental specifics through focused workshops and meetings to discuss the principal components of the Active Processes Laboratory.
E&O
Significant opportunities for education and outreach are feasible. These include the education of graduate students involved in component projects and the involvement of undergraduate students.  
Interested Principals and Collaborators: Derek Elsworth, Steve Glaser, Larry Murdoch, Leonid Germanovich, Joe Wang, Bill McDonough, Eric Sonnenthal, Antonio Bobet, Ugur Ozbay, Pinnaduwa Kulatilake, Steve Carlson, Steve Martel, Haiying Huang, Herb Wang, Charles Fairhurst, Christian Klose, Tullis Onstott, Maochen Ge, Erik Westmann, …….
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