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Almost everything in geosciences includes processes related to fractures and fluids, but many aspects of these processes remain poorly understood largely because of a lack of controlled field experiments. The objective of this experiment is to develop an in situ  laboratory to evaluate how a.) fractures propagate in rock,  b.) existing fractures deform during fluid flow and changes in stress,  c.) fractures interact to create faults and fracture networks,  d.)  scaling laws can apply to rock fracture processes,  e.) heat, mass and microbes react and are transported through fractures,  e.) new technologies can improve the imaging of fractures and faults.

Motivation:  This suite of experiments was motivated by a fundamental need across  geosciences to advance the understanding of how rocks fail by fracturing.  The experiments build on each other, with later experiments building on the insights from and techniques developed for the earlier experiments.  
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	Figure 1.   Conceptual layout of Fracture Processes Laboratory


The suite of experiments is envisioned in one or perhaps several dedicated locations, which  collectively will be termed the Fracture Processes Laboratory.  A preliminary generic, conceptual design for the Fracture Processes Laboratory includes four side drifts off a main access drift (Fig. 1).  Each side drift will be used to access sets of sub-vertical fractures on either side of a drift. The fractures are expected to be vertical and aligned with the local principle stresses.  
The Fracture Processes Laboratory will be available for experiments throughout the life of DUSEL.  A preliminary suite of six experiments that could be conducted at the laboratory is outlined below.  

1.  Propagation experiment.  The objective of this experiment is to evaluate coupled processes of propagation and fluid flow in fractures.  Processes at the fracture tip, including fluid lag, segmentation, and scaling will be evaluated, along with the mechanics of fluid flow, channeling and transport of solids.  The experiment will consist of creating moderate scale (10 m to 100 m) hydraulic fractures, monitoring their growth and describing the results.  Preliminary propagation experiments will be conducted ahead of the excavation process during construction to leverage the costs of removing material as the caverns for physics experiments are created.  Main propagation experiments will be conducted in rock that has been instrumented to measure pressure, displacement, tilt, and seismicity as functions of time and space (Fig.  2).       
2.  Fracture network and stress manipulation experiment  Percolating networks of fractures are basic conduits for flows of water, gas and petroleum, and the purpose of this experiment is to evaluate how percolating networks could develop.  This will consist of creating a hydraulic fracture and then manipulating the orientation of principal stresses using a combination of excavation, heating, cooling, or fluid injection.  Another hydraulic fracture will be created in the new stress field and propagated so it intersects the first fracture.  This process will be monitored to learn how growing fractures interact to form networks capable of sustaining fluid flow.  
The creation of multiple, interacting hydraulic fractures has applications to preconditioning rock masses to improve excavation.  
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	Figure  2.  a.) Oblique view of part of Fracture Processes Laboratory drifts with multiple vertical fractures (shaded purple) of different sizes.  Some fractures are close enough to interact with each other and form networks.  b.) Fracture with detail showing borings for sampling and monitoring (solid lines) and for cross-hole monitoring (inclined grey holes).  Fracture created from horizontal hole (heavy black line).  Scientists in access tunnel shown for scale.       


3.  Induced faulting experiment.  Theoretical analyses of the mechanics of fault propagation and earthquake triggering have advanced beyond the capabilities of current experimental techniques, so there is an immediate need to advance experimental methods in order to improve the understanding of earthquakes.  The objective of this experiment is to characterize fault behavior in carefully monitored intact rock.  

Experiments will be conducted to evaluate the development of a new fault in intact rock.  We have evaluated several methods for manipulating stresses to create faults and one of the most promising involves creating two slots or parallel lines of boreholes and circulating liquid nitrogen to chill the region in the vicinity of the boreholes.  Cooling causes the rock to contract, reducing the compressive stress normal to the line of boreholes.   
This simple, inexpensive scheme was evaluated using both scaling analyses and a thermoelastic finite element code.  Preliminary results from both methods of analysis show that in several days to weeks the compressive stress throughout the region between the boreholes can be reduced by 10 MPa or more, and it is even possible to create net tension between the boreholes.  However, according to the Mohr-Coulomb strength criterion with standard Byerlee parameters, a fault will initiate before the net tension occurs.  

After a new fault is created, we will inject hot fluid into the boreholes to increase the temperature and reverse the direction of fault slip.  This process will be repeated to study the process of gouge formation, and how the properties of gouge control fault slip and associate seismicity.  The site will be instrumented with arrays of geophones, tiltmeters, and strain gauges and displacement transducers.  After testing, the vicinity of the test will be exposed by back mining to reveal details of the fault geometry and gouge.  We expect to discover small faults (cm-scale displacement) during construction of DUSEL drifts, and this same thermal technique will be used to induce slip on one of these faults.  This will allow us to compare effects of “man-made” to natural gouge.           

This innovative thermal technique appears to be a simple, inexpensive way to rapidly change the stress field and either create slip on existing fractures or create new faults at scales up to 10 m or more.  The key to the rapid response is that we are only heating or cooling a relatively small region around each borehole, but this controls the stresses over a much larger region between the aligned arrays of boreholes.  This exciting new technique will revolutionalize the understanding of fault mechanics when utilized in the idealized conditions at Homestake.        

4.  Scaling of fracture energy and rock strength  
The energy required to create new fracture surface is fundamental to natural processes from earthquake rupture to tectonic rifting and to engineered processes from well drilling to cavern excavation.  Recent analyses have revealed that this quantity depends on both stress and scale.  Typical values of 10 J/m2 are widely observed when 10-cm-sized samples are fractured in the laboratory.  The few data that are available for length scales of 10 m to 102 km indicate that energies of 103 to 106 J/m2 are required to propagate fractures.  The objective of this experiment is to determine the scale dependence of fracture energy and rock strength.  The approach will be to use results from the experiments outlined above to provide data up to a length scale of 10 m at stresses typical of 1 to 3 km depth.  Additional data for this experiment could be provided from pillar experiments.    In addition, this experiment will include creating and monitoring relatively large fractures with lengths up to several hundred m.  The smaller fractures will be leveraged from other activities, and creating the relatively large fractures will be the main experimental activity for this effort. 

5.  Coupled groundwater pressure and displacement experiment

Groundwater flow is strongly coupled to displacements in rock at spatial scales from micro-cracks to an entire mountain.  Fluctuations in pressures dilate or contract fractures, inducing flows in the groundwater.   Dewatering and excavation will change stresses on fractures near DUSEL openings.  This will tend to pinch the fractures closed and reduce the flow of water into the workings and potentially into borings.  This type of reduction in flow is widely observed in underground openings, and we expect that it may have been incorrectly interpreted.  Another hypothesis is that pressure changes induced by DUSEL workings will cause widespread tilting in the vicinity of DUSEL.  Similar tilting is nearly always observed during the withdraw of fluids from oil reservoirs. 

Recent work using hydromechanical well tests where fluid pressure and displacements are measured during pumping has suggested that fracture compliance (or stiffness) is related to aperture over a wide range of scales in the field.  Interestingly, the non-linear relationship between stiffness and aperture among different fractures in the field is similar to the relationship between those variables measured for a single fracture that is progressively loaded in the laboratory.  Furthermore, inversion of hydromechanical well tests appears to offer promise as a method for identifying fractures that are unusually soft or stiff, which could be used to infer processes of chemical alteration or mineral precipitation in individual fractures.    

The purpose of this experiment is to evaluate coupling between fluid pressure and displacement over a wide range of scales.  This will be accomplished by instrumenting selected wells with portable extensometers to measure displacements on local scales.  The objective will be to characterize the relationship between displacement and aperture during pressure transients to improve analyses of deformation accompanying dewatering at Homestake, and also to evaluate the feasibility of using the displacement signal to diagnose properties of individual fractures and fracture networks.  In addition, a suite of tiltmeters will be installed to measure tilting both within the DUSEL facility and in vicinity.  In situ seismic measurements based on ongoing mining activity will also be used to remotely monitor changes in the acoustic impedence of the rock as a result of fracture closure.  
6.  Transport Experiment  

The objective of this suite of experiments is to characterize the transport of heat and mass in the deep subsurface.  In particular, the experiments will evaluate the roles of  a.) advection and diffusion, b.) chemical reaction and phase change, c.) microbial transport and reactions, d.) stress and deformation.

Motivation: This suite of experiments was motivated by fundamental needs to understand deep transport processes, which contribute to diverse topics from the formation of valuable resources (e.g. petroleum, ore minerals, geothermal energy) to the sequestration of radioactive waste or CO2 to understanding mechanisms controlling deep ecosystems.  This experiment will also provide a test bed for evaluating new imaging technologies (Fig. 3).   

Activities: Three major experiments are envisioned.  All of them will provide settings with diverse processes conducted under controlled conditions that will advance the refinement of advanced imaging methods.   These experiments will make use of fractures that were created and evaluated, and methods that were developed as part of the experiments outlined above. 

 a.)  Advection and conduction Hydrothermal systems transfer to Earth’s surface more than half of the total internal heat, and an even larger fraction of metal ores.  The purpose of this experiment is to understand mechanisms of heat transfer by advection and conduction through fractured rock.  The experiment will make use of single, and networks of induced fractures, which are highly instrumented with sensor arrays.  Initial experiments will consist of heated natural groundwater injected at one location and recovered from another (Fig. 3a) while monitoring pressure, temperature, displacements, and water composition.  Theoretical modeling suggests that even modest changes in temperature will rapidly affect fluid flow through the fracture by causing thermoelastic deformation and changes in fluid properties.   Longer term effects are expected to include closure of the fracture by pressure solution, enlarging aperture by dissolution, and plugging by precipitation.   The experiment will be broadened by injecting steam and evaluating heat transfer in this two-phase system.  Additional experiments will be conducted by using joule heating between boreholes to heat rock in the vicinity of the fractures.  
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	Figure 3.  a.)  Transport experiment with flow upward through vertical fracture b.)  Detailed monitoring of experiment using sampling boreholes (black lines), radar  tomography (orange), in-plane electrical resistance or  electro-magnetic tomography (purple), high resolution seismic tomography (blue).  Fan array of access tubes supports geophysical imaging techniques. 


b.)  Hydrothermal vein formation and crack healing     Veins are the most significant feature of most base and precious metal deposits, and they can significantly alter the bulk strength and deformability of the rock mass by healing otherwise open fractures.  The objective of this experiment is to understand basic processes of vein formation.  This will be accomplished by creating veins in-situ in order to evaluate effects of the rate and pattern of fluid flow and heat transfer on the timing and distribution of mineral precipitates.  Another objective is to evaluate how precipitation of minerals heals fractures by increasing strength and compliance.  This experiment will use heat transfer rates and patterns derived from the previous experiment along with thermodynamic analyses to design systems that will precipitate relevant mineral species in the pressure-temperature regimes of the experiments.  The role of volatiles, particularly CO2, will be evaluated by introducing these compounds into the experiment.  The experiments will be heavily monitored with cross-hole radar, electro-magnetic and seismic tomography, along with sampling to evaluate changes in spatial distributions of species within the fracture (Fig. 3).    Ultimately, the experiment will be excavated to allow the vein to be studied in detail.   

c.) Microbial transport and reactions    Clearly microbes are transported through even tiny fractures at great depth, but the processes by which this occurs remain poorly known.  The objective of this experiment is to characterize fundamental processes of microbial movement and interaction with rock under field conditions.  This experiment addresses key hypotheses in geobiology and it will represent a strong interdisciplinary collaboration.  Ultimately, we propose that the results of these experiments will result in new theoretical models for microbial transport and interactions at great depth.  

This experiment will consist of observations of cells moving along hydraulic and diffusional gradients within fractures and fracture networks. We will develop a comprehensive evaluation of how cell transport rates vary with fracture geometry, hydrostatic pressure, and fracture wall composition. We will also document the time-dependent evolution of cell distribution and possible biofilm formation within a newly generated fracture, and the resulting changes in hydraulic aperture, flow paths and transport properties.  Connections between nutrient concentration gradients and preferential cell transport pathways will be of specific interest.  Smaller scale observations will explore two critical steps in microbe transport--cell attachment and release from fracture walls.  During this experiment we will assess whether a sessile or planktonic condition is necessary for cell acquisition of mineral-bound nutrients.  Techniques for imaging biofilm growth, and even the movement of cells, will be particularly valuable to this experiment.  We expect to evaluate the current state-of-the-art in biogeophysical imaging and to motivate new developments as a result of this experiment.  

Contributions: 
This research program will provide fundamental understanding of general fracture processes in rock at large scales.  Faulting and processes of earthquake triggering will be improved by data from the first field-scale experiment of fault initiation.  Resource recovery and environmental remediation will be improved by advancing understanding of hydraulic fractures.    Capabilities to predict effects of induced fractures will increase the safety of CO2 sequestration and waste isolation.  In addition, the capability to create sets of several fractures will allow the evaluation of large-scale rock deformability and permeability.  The data can be used to calibrate theoretical models ranging from seismic imaging to rock mass effective properties.   This work will significantly advance our understanding of global heat balances in the deep subsurface.  It will contribute to economic and structural geology by improving the understanding of vein formation.  Energy recovery will be furthered by improving the understanding of how to extract heat and fluids, like hydrocarbons.  The risks of disposing of radioactive wastes, carbon dioxide and other materials will be lessened by advancing understanding of deep coupled transport.  Fracture healing processes evaluated in the vein formation experiment will also have applications in mine safety, materials engineering, and myriad of other fields that can benefit from healing the effects of fractures on strength reduction.  Experiments involving fluid-rock reactions coupled with microbial transport in the deep subsurface will have implications ranging from the evolution of rock properties, to geochemical cycles, and to how life evolved on Earth, and perhaps elsewhere.   

