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EarthLab is an initiative to build a laboratory in the deep 

subsurface to study the biological, geomechanical, 

hydrological, and geochemical processes that modify 

Earth from its surface to the limit of habitable depths. The 

EarthLab facility will consist of multiple specialty labora-

tories for specifi c subterranean experiments as well as 

multiple observatories for monitoring active processes 

and collecting critical data. These laboratories and ob-

servatories will expand our knowledge of Earth’s subsur-

face by permitting direct studies from within. We current-

ly have only limited direct observations within the deep 

subsurface of microbes that precipitate and dissolve 

minerals and generate gas, migrating fl uids that weaken 

earthquake-generating faults and change rock compo-

sitions, and stress and strain that cause rock to deform 

slowly and break suddenly. Furthermore, biogeochemi-

cal processes, groundwater fl ow, rock-water interaction, 

and rock deformation are all coupled in complex ways. 

A more comprehensive understanding of this coupling is 

critical to interdisciplinary research ranging from earth-

quake engineering to bioremediation to exploration 

for new groundwater resources. The large number and 

wide variety of scientists that will focus on these prob-

lems will help EarthLab achieve its goals.

To carry out the needed experiments, and to ob-

serve changes over the long term, EarthLab requires a 

large-scale underground excavation where drilling, cor-

ing, and tunneling can access a variety of structural, hy-

drological, biological, and geochemical environments. 

EarthLab’s underground operations should encompass 

a crustal volume of tens of cubic kilometers and should 

extend to several kilometers depth to permit studies of 

how these complex phenomena scale with distance, 

depth, and time. Such a facility will be a unique resource 

for multidisciplinary and multi-institutional investigations 

for the international geological and biological science 

and engineering communities.

In addition to pursuing its primary research agenda, 

EarthLab will also seek to develop partnerships with the 

bioremediation, biotechnology, and pharmaceutical 

industries to develop practical applications of its sub-

surface biosphere research. Other potential industry 

applications include developing new geophysical and 

geochemical tools for characterizing the subsurface 

and new geological mapping, rock drilling, and other 

engineering technologies for subsurface exploration 

and construction. By partnering with NASA, these new 

technologies could also be adapted to explore for sub-

surface life within our solar system. 

An important part of EarthLab’s plan, which crosses 

all basic scientifi c and engineering disciplines, is to sup-

port a very active program to educate and train future 

generations of scientists and teachers from pre-college 

to postgraduate, focusing on underrepresented groups. 

The EarthLab concept and goals are a result of many 

discussions between the physics and Earth science com-

munities, including those held at a joint conference, 

“Neutrinos and Subterranean Science 2002,” or NeSS 

2002, held in Washington, D.C. in September, 2002. The 

physics community has long expressed the need for a 

deep subsurface laboratory to house new experiments 

in nuclear, particle, and astrophysics, and new detec-

tor technologies that require a deep subterranean site. 

EarthLab’s activities will be closely linked and integrated 

with those of the physics community and with other 

regional academic centers to take full advantage of 

shared technological infrastructure, research expertise, 

and education and outreach capabilities. 

PROJECT SUMMARY
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Most Earth processes are coupled in complex ways. 

For example, tectonic forces cause rocks to bend and 

fracture, in turn altering the permeability and porosity 

of rock, and therefore the directions and rates of fl uid 

movement. Changes in fl uid pressures cause changes in 

the elastic response of rocks to deforming forces, which 

control movement along faults and, ultimately, the 

frequency and magnitude of earthquakes. Fluids also 

distribute environmentally and economically important 

elements and compounds in the crust, many of which 

are dissolved in and precipitated from geothermally 

heated water.

By providing three-dimensional access to large vol-

umes of rock in the shallow subsurface and at depths 

up to several kilometers, EarthLab will permit a variety 

of outstanding biological, hydrological, geochemical, 

geomechanical, and geophysical questions to be ad-

dressed, many of which cross disciplinary boundaries 

(see The EarthLab Underground Observatory box on 

pages 4-5). 

MICROBIAL LIFE AT DEPTH 
One of the great frontiers in the life sciences in the com-

ing decades is the study of life in extreme environments, 

including the deep subsurface. Fluid fl ow, energy trans-

fer, and nutrient fl uxes control the distribution of life at 

depth. We know surprisingly little about these processes 

especially under conditions of high pressure, tempera-

ture, and environmental stress in complex geological 

environments. A better understanding of the feedbacks 

among key processes is critical to understanding how mi-

crobial life survives and proliferates at depth. Microbial 

activity generates gas and mineral precipitates, and 

dissolves minerals; these processes, in turn, affect rock 

permeability, fl uid fl ow, and rock strength. Detecting 

these by-products of life and distinguishing them from 

abiological processes is the key to developing life-de-

tection technologies for exobiology. These connections 

can be explored in EarthLab for the fi rst time, where the 

growth, activity, and transport of microorganisms can 

be observed in situ. 

HYDROLOGIC CYCLE
Groundwater is a key source of clean drinking water for 

most of the planet. The need to tap more and deeper 

aquifers is increasing as surface water supplies cannot 

keep up with the growing world population’s thirst. To 

take full advantage of groundwater supplies, we need 

to know more about how it moves through the subsur-

face. We need to be able to predict the consequences 

of aquifer reduction or depletion at the local and re-

gional scale, and how fast some aquifers recharge—if 

at all. We need to gain a better understanding of how 

fl uid pathways protect water supplies from waste con-

tamination, and how surface water infi ltrates the sub-

surface to plan the locations of roads and communi-

ties. In the past, drillholes have been the primary means 

of obtaining information on subsurface fl uid fl ow. The 

signifi cantly larger surface area of tunnels, combined 

with EarthLab’s three-dimensional lay out and detailed 

EARTHLAB
AN EXCITING OPPORTUNITY TO STUDY INTERACTIVE GEOLOGIC AND LIFE PROCESSES
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maps made of the subsurface geology, will permit the 

needed controlled experiments to be designed and 

conducted.

ROCK DEFORMATION AND 
FLUID FLOW 

The transport of fl uids and mobile compounds through 

fractured rock is fundamental to processes ranging 

from recovering resources such as water, oil, and gas, 

to protecting the environment, or understanding the 

formation of ore deposits. Rock deformation and frac-

ture are controlled by the stress fi eld and fl uid pressure 

fi eld. Many aspects of rock deformation are infl uenced 

directly, or even controlled, by fl uid fl ow. Compaction 

of rock porosity drives fl uid fl ow and fractures and faults 

may be conduits or fl ow barriers. The mathematical 

theory describing coupling between fl uid fl ow and rock 

deformation is established and accepted, but direct 

observations are mostly limited to tests performed in 

surface laboratory machines. EarthLab offers the oppor-

tunity to observe and investigate coupled fl uid fl ow and 

rock deformation in situ, within the rocks while fl uids fl ow 

through them. 

ROCK-WATER CHEMISTRY
Chemical reactions between rocks and water cause 

enormous changes in the composition of both and are 

of great importance to society. These reactions control 

the quality of drinking water, the rate of weathering that 

forms soil and acid mine drainage, the processes that 

form mineral deposits, and the development of stable 

rocks for foundations and other construction. Rates and 

types of these chemical reactions depend directly on 

changes in temperature, pressure, and water compo-

sition, all of which vary greatly in the subsurface envi-

ronment. Although studies on outcropping rocks have 

provided many important insights into these processes, 

studies in EarthLab are needed to provide better infor-

mation on small-scale variations related to changes in 

mineralogy, permeability, and other characteristics of 

the rocks that host the water. EarthLab offers the oppor-

tunity for improving our ability to predict how rock and 

fl uid chemistry evolves through direct experiments. 

DEEP SEISMIC OBSERVATORY
Most seismic observatories are at or near Earth’s surface 

where cultural noise, wind and barometric changes, 

surface topography, and a high degree of rock het-

erogeneity increase diffi culties in data interpretation. 

A unique, 3-D seismic observatory at depths of over 2 

km in EarthLab will overcome most of these problems, 

providing the potential for recording seismic signals with 

a fi delity never before achieved. The recorded seismic 

data will contribute to studies of deep Earth structure 

as well as local geologic structure, and will provide im-

proved precision for a variety of studies such as location 

of seismic events and determination of seismic source 

properties. EarthLab data will also complement those of 

EarthScope’s SAFOD and USArray components.

“Additional in situ research facilities should be developed 

in fractured rocks in a variety of geological environments.”

      NRC, 1996
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Key Numbers for EarthLab
• Anticipated total tunnel length: ~10 km
• Greatest tunnel depth: 2.0 to 2.5 km
• Number of instrumented boreholes: ~140
• Total length of rock core collected: ~15,000 m
• Operations personnel (including visiting 

scientists): ~50
• Size of surface facility (education, laboratories, 

and archives): ~50,000 sq. ft. 

 

Surface laboratories for core, water, gas, and microbial analyses, experiments, and archives. Geophysical 

and hydrologic data from subsurface sensor arrays and geologic mapping are gathered here and recorded 

on computers for three-dimensional (3-D) display and modeling analyses.  The surface complex also includes 

health and environmental safety laboratories as well as lecture rooms and teaching labs for education and 

outreach with interactive experimental displays and tour guide facilities.

The Deep Flow and Paleoclimate Laboratory and Observatory will search for continental paleoclimate re-

cords and document deep transport processes by instrumenting a sub-vertical fracture zone that extends 

from the surface to the maximum depth of the laboratory. The experiment will provide important new infor-

mation on the movement of groundwater in the crust and its relationship to Earth’s changing climate.

The Induced Fracture and Deformation Processes Laboratory will conduct extensive studies of three-dimen-

sional rock deformation in heterogeneous rock formations. A borehole array within a vast a rock volume will 

be instrumented to monitor environmental changes associated with mining out a large cavity, propagating 

a fracture using high-pressure fl uid, and heating a small rock volume. The resulting data are critical to scal-

ing-up models used to predict long-term stability of subsurface excavations. 

The Deep Coupled Processes Laboratory will determine the relation among thermal, mechanical, hydrologi-

cal, chemical, and biological processes in the subsurface environment by performing injection and transport 

experiments at several different depths along highly instrumented and well-characterized fracture zones. 

These experiments will aid in subsurface waste disposal, including sequestration of CO2 or high-level radioac-

tive waste, and alleviation of acid mine drainage. 

The Ultradeep Life and Biogeochemistry Observatory will search for the limits of life using three closely spaced 

boreholes that attain depths up to 5 km and bottom-hole temperatures of 110-120°C, the maximum known 

temperature for life. 

The Deep Seismic Observatory will investigate the fundamental physics relating fracture formation to seismic 

wave propagation and will monitor local and global seismic events, and mining-induced seismicity, using a 

fully three-dimensional array consisting of at least 60 broadband seismometers in tunnels and boreholes. 
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Priority Attributes of EarthLab
1. Long-term access to large (~20+ km3) volume of 

subsurface in which geological features are well 

characterized in three dimensions, including appro-

priately placed sensing equipment.

2. Ability to access this environment through selective/

choice placement of drill holes, underground work-

ings, laboratories, or observatories. Accessed host 

rock should reach temperatures of 120°C and water-

fi lled fracture systems.

3. Ability to modify geochemical characteristics of this 

environment by introduction of materials into holes 

or workings. At least one fracture zone should be ac-

cessed by multiple holes that are instrumented with 

an array of samplers for transport studies.

4. If an existing mine is chosen as the EarthLab site, 

complete access to entire archive of existing data 

and samples.

SELECTION CRITERIA FOR EARTHLAB SITE

Diverse chemical and physical environments, including:

• Variety of hydrologic environments, such as highly 

permeable, near-surface soils and alluvium vs. deep-

er, low-permeability crystalline rocks.

• Variety in groundwater compositions, such as high vs. 

low salinity, pH, and dissolved gas concentrations. 

• Variety of structural environments, especially density 

and orientation of faults and fractures.

• Variety of geochemical environments, especially in 

concentration of reduced minerals (e.g., sulfi des) vs. 

oxidized minerals (e.g., hematite).

GEOPHYSICAL IMAGING
A common way to develop a subsurface cross-sectional 

image of a region is to conduct a seismic survey. While 

the cross sections are actually a measure of the travel 

time of seismic waves bouncing off layers within Earth, 

we assign geology to these layers based on general 

knowledge of regional geology or specifi c information 

from local boreholes. EarthLab will permit a signifi cantly 

superior analysis of geophysical images such as seismic 

cross sections because of the directly available, detailed 

knowledge of rock types, fractures, and fl uids through-

out a large, deep, three-dimensional volume of rock. This 

“ground-truth” analysis of geophysical images could be 

applied to studies of the deep geology of other regions.
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EarthLab will be the only facility in the world offer-

ing long-term access to a deep, well-characterized, 

three-dimensional, large-scale subsurface environment 

for multidisciplinary, multi-institutional experiments. 

EarthLab’s accessible infrastructure will extend to depths 

of 2.0 to 2.5 kilometers and laterally for several kilome-

ters, and will operate borehole arrays reaching depths 

of 4-5 kilometers. Because EarthLab’s enormous volume 

will encompass a wide variety of geological, hydrologi-

cal, and structural environments, EarthLab will be able 

to perform a wide range of experiments and record ob-

servations with economic effi ciency and minimal dupli-

cation. On-site access to cutting-edge technologies for 

real-time detailed biological, geophysical, mechanical, 

and geochemical interrogations will establish EarthLab 

as the world leader in subsurface science and engineer-

ing research. As part of its leadership role, EarthLab will 

facilitate and integrate subsurface research and devel-

opment at underground laboratories in other countries, 

including Canada (Sudbury and Underground Research 

Laboratory), Sweden (Aspo), Italy (Gran Sasso), and 

South Africa (various mines).

EarthLab will be the only facility in the world offering

                         long-term access to a deep, well-characterized, three-

             dimensional, large-scale subsurface environment for

                                           multidisciplinary, multi-institutional experiments. 

SCIENTIFIC THEMES
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A major obstacle to understanding the subsurface bio-

sphere has been our limited ability to access the deep 

terrestrial environment, to acquire uncompromised sam-

ples, and to observe in situ the relationships between 

subsurface microbial ecosystems and the geochemi-

cal and hydrogeological processes that control their 

growth, function, and mobility. Recently, samples col-

lected by the Ocean Drilling Program have permitted 

scientists to make enormous strides in understanding the 

microbiology of marine sediments. Studies of biogeo-

chemical and microbial transport in well-characterized, 

continental aquifers, however, have been limited to 

brief experiments in two-dimensional well arrays in shal-

low, geographically dispersed locations, most of which 

are contaminated by toxic organic or metallic com-

plexes. This has hampered the development of accu-

rate, large-scale models for these complex, interrelated 

transport phenomena, which are critical to protecting 

drinking water resources, to subsurface sequestration 

of CO2, and to storage of radioactive waste. A recent 

report on geobiology (Nealson and Ghiorse, 2001) em-

phasized the need for establishing fi eld laboratories for 

geomicrobiological research that are available for long-

term studies, a need that EarthLab will fulfi ll.

EarthLab will focus on three major microbial research 

thrusts: (1) subsurface microbial ecology, which exam-

ines how the crustal environment infl uences subsurface 

microbial communities, (2) subsurface biogeochemical 

processes, which seeks to understand how subsurface 

microbial communities alter the crustal environment, 

and (3) subsurface abiological processes, which exam-

ines the geochemical processes that occur within and 

beyond the subsurface biosphere. One of EarthLab’s 

fi rst achievements will be a complete vertical profi le 

of the subsurface biosphere from the base of the rhi-

MICROBIAL LIFE AT DEPTH 
zosphere (soil zone), through the deeper mesophilic, 

thermophilic, and hyperthermophilic zones and into the 

hydrothermal zone (Figure 1). EarthLab will also initiate a 

new technological discipline, subsurface biological re-

source exploration and development. This research and 

training program will combine science and engineering 

approaches to explore biotechnological applications 

of novel subsurface microorganisms and their enzymes 

and how to identify those subsurface environments with 

the greatest potential for extremozymes (see Scientifi c 

and Engineering Innovation, p. 48). 

SUBSURFACE MICROBIAL ECOLOGY 
This research area explores the limits, evolution, and ad-

aptation of life in the subsurface; how microbial commu-

nities change in response to alterations in their nutrients 

and energy sources; subsurface chemical, geological, 

and hydrodynamic properties that contribute to the 

migration and genetic adaptation of life in the deep 

subsurface; how microorganisms repair their DNA, cell 

walls, and membranes under very slow, in situ growth 

rates; and the stability of subsurface microbial enzymes 

to temperature changes. Delineating and integrating 

paleohydrology and thermal history with microbial ecol-

ogy is essential to constraining evolutionary hypotheses, 

particularly the long-term and large-scale microbial mi-

gration in the crust and the impact of geological ther-

mal episodes. These studies will also provide guidance 

to investigations of subsurface life on other planets and 

satellites in our solar system. Some of the more signifi cant 

scientifi c questions are:

 What is the upper temperature limit of life? This tem-

perature controls the depth boundary between the 

biological hyperthermophile zone and the abiotic 

hydrothermal zone in the crust. Is it 120°C, the highest 
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Figure 1. Subsurface biosphere. Microbial diversity and abundance, porosity and permeability decrease with 

increasing depth. Geogas produced by abiological processes migrates upward diminishing with decreasing 

depth. Water, O
2
, and rhizozone-generated isotopes and nutrients migrate downwards, diminishing with 

increasing depth. These two fl uxes combine with water/gas/mineral interactions to sustain microbial com-

munities. Rhizozone is the same as soil zone or rhizosphere. The subsurface biosphere has been subdivided 

into Mesozone (10oC<T<40oC), Thermozone (40oC<T<80oC), Hyperthermozone (80oC<T<120oC), and 

Hydrothermalzone (T>120oC).
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survival temperature known for a microorganism in 

the lab, or can it reach higher levels under favorable 

circumstances? 

 Is large-scale vertical transport of shallow subsurface 

or soil microorganisms to the deep subsurface occur-

ring with fl uid fl ow? If not, what limits their mobility? 

In other words, is there a connection between the 

rhizosphere and the deeper mesophile, thermophile, 

and hyperthermophile zones, or have these zones 

been isolated over geological epochs? 

 Do deep subsurface microorganisms possess meta-

bolic plasticity that enable them to use several 

electron acceptors and donors, or do they develop 

syntrophic microbial relationships where one micro-

organism facilitates the metabolism of another by 

using its waste products? 

 Is the average life span for microbial cells in these 

deep environments on the order of thousands of 

years?

 Do the rates and/or the variability of fl uid fl ux through 

subsurface fracture networks dictate the quantity, 

diversity, and activity of microorganisms present? Or, 

are fracture formation and nutrient fl ux from the rock 

matrix into fl uid-fi lled fractures more important fac-

tors for sustaining subsurface ecosystems? 

 Are the microbial communities colonizing fracture 

surfaces signifi cantly different in diversity and abun-

dance compared to freely fl oating (planktonic) 

communities? 

SUBSURFACE 
BIOGEOCHEMICAL PROCESSES

Over geological time, microorganisms have completely 

altered Earth’s atmosphere, ocean, and land surfaces. 

With increasing depth and temperature and diminishing 

pore space, the impact of microbial communities on 

their environment must decline to the point where high-

temperature diagenetic and hydrothermal reaction 

rates dominate. EarthLab will delineate this transition 

both in space, using in situ experiments, and over geo-

logical time, using a combination of geochronology, 

geochemistry, and petrology. 

Subsurface biogeochemical processes emphasize 

the role of microorganisms in the dissolution, nucleation, 

and precipitation of mineral phases, the transport and 

transformation of aqueous chemical and gaseous spe-

cies, and the alteration of hydrologic properties (i.e., 

storage capacity and permeability) of aquifers. How 

microbial colonization of various mineral surfaces af-

fects the water/mineral and dissolved gas/mineral in-

teractions can only be validated by in situ observations. 

Important questions include:

 Will subsurface, chemoautotrophic, and hetero-

trophic microbial communities contribute to CO2 

sequestration in deep subsurface environments by 

carbonate precipitation, increasing the pH, or con-

version to CH4 and organic acids?

 In deep subsurface environments where gas and wa-

ter occur as separate phases, for example, in vadose 

zones (zones above the water table), natural gas res-

ervoirs, or CO2 injection sites, will planktonic microbial 

These studies will also provide guidance to investigations of

           subsurface life on other planets and satellites in our solar system.
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The Homestake mine, located in the Black Hills at Lead, 

South Dakota, has hosted a neutrino detection facility for 

35 years. The mine reaches a depth of 8,000 feet, and its 

network of 370 miles of underground workings provides 

direct access to a subterranean volume of rock totaling 

nearly 8 cubic miles. Prior to closing in December 2001, 

the Homestake mine had been in continuous operation 

for 125 years and had produced more than 40 million 

ounces of gold, ranking it among the largest gold de-

posits in the world.  Because the mine has been pumped 

and kept dry for over a century, baseline hydrologic and 

thermal conditions are well known, providing an ideal 

setting for studying microbial life processes in the deep 

subsurface.

 Among possible sites for EarthLab, Homestake is 

unique. In addition to the established baseline hydrolog-

ic and thermal conditions, the combination of diverse 

geology—spanning over 2 billion years of Earth’s his-

tory—and exceptional accessibility in three dimensions 

creates a fertile environment for collaboration among 

geoscientists from many subdisciplines.

Homestake Mine, Lead, South Dakota
Contributed by Ed Duke, South Dakota School of Mines & Technology

The earliest geological events recorded in the mine 

include deposition of unusual chemical sediments—the 

Homestake iron formation, which contains high concen-

trations of metals and which may have included primi-

tive forms of microbial life. Deep burial, intense deforma-

tion of the rocks, and metamorphism occurred 1.7 billion 

years ago. These coupled processes culminated in the 

gigantic fl uid fl ow system that deposited the world-class 

gold ore bodies. In the more recent past, uplift of the 

Black Hills began 60 million years ago and was followed 

by intrusion of alkalic magmas and a second major pe-

riod of hydrothermal mineral deposition in the mine. 

Understanding the age and evolution of isolated 

microbial ecosystems that may be preserved in this 

deep environment will require unraveling the com-

plex temperature-depth history of the rocks from the 

Precambrian to the present. Today, the Black Hills is the 

recharge area for important regional aquifers, and the 

vertical extent of the mine provides a rare opportunity 

to observe interaction between deep and shallow ground-

water fl ow systems as well as the effect of weathering 

and mineral reactions on the chemistry of groundwater.
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communities concentrate at the interface between 

gas and enhance the fl ux of dissolved gases into the 

water? 

 Do the microbial communities colonizing fracture 

surfaces enhance the fl ux of energy substrates and 

nutrients from the rock pores and dissolve mineral 

surfaces to sustain growth? 

 How well do theoretical free energy calculations 

based upon aqueous chemistry predict the type of 

microbial communities? 

 What is the subsurface nitrogen cycle and do micro-

organisms control it as they do in the oceans? 

SUBSURFACE ABIOLOGICAL 
GEOCHEMICAL PROCESSES 

Because of uplift and erosion, the rock strata housing 

EarthLab will contain a geological record that docu-

ments the transition from the ~300°C hydrothermal zone, 

where abiological, rock-water interactions dominate, to 

a lower temperature (<120°C) zone where biologically 

catalyzed rock-water interactions take place. The hy-

drothermal zone will be preserved in low-permeability 

zones or gas-tight rock, whereas the lower-temperature 

zone will be associated with fractures and permeable 

rock strata that permit meteoric fl uid penetration from 

the surface. EarthLab will offer an unprecedented op-

portunity to document the depth and rate of the crustal 

weathering process that moves rock volumes from the 

hydrothermal zone to the lower temperature zone. This 

will be studied by obtaining pristine rock cores at specifi c 

distances from mapped fractures. The fl uids inside these 

cores will be dated by noble gas isotopic analyses. If the 

pore throat diameters of these rock strata are too small 

to permit colonization by bacteria, then they provide an 

abiological control or end member to compare to the 

subsurface biogeochemical processes studied above. 

Some of the more interesting questions include:

 Are reduced organic species being produced in 

the crust by interaction of inorganic species with re-

duced metal oxides and sulfi des (i.e., ore deposits)?

 What are the attributes of mineral precipitates 

formed by hydrothermal processes that distinguish 

them from those formed at lower temperatures by 

microbial processes? 

 How does the composition of water and gas vary 

as a function of depth through typical continental 

crust? In particular, what buffers the oxidation poten-

tial and pH?

 Do abiological processes control the C:N:P compo-

sition of groundwater or does microbial growth and 

respiration control it as it does in the oceans?
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Water is a precious resource and commodity that is 

becoming more valuable as our population expands. 

Surface water and groundwater are used in all aspects 

of our lives, from drinking water to agriculture to industry 

(Figure 2). Groundwater has become an increasingly im-

portant resource because it has some signifi cant advan-

tages over surface water supplies (Figure 3). It protects 

us from surface-borne pathogens and decreases sus-

ceptibility to contamination of water supplies by terror-

ists or inadvertent means. Wastes that should be isolated 

from the surface can be stored in subsurface areas that 

lack potable groundwater. Knowledge of fl uid pathways 

provides assurance that the wastes will not migrate into 

important aquifers. 

HYDROLOGIC CYCLE
To understand the natural hydrologic cycle and to 

quantify its critical components, we need direct mea-

surements of subsurface properties and processes that 

control fl uid fl ow. These will lead to better characteriza-

tion of the relationship between surface infi ltration and 

subsurface groundwater recharge and fl ow. Such mea-

surements are most critical for regional-scale basins and 

watersheds where deeper data and information are 

sparse. Oil and mineral exploration provide most point 

measurements of necessary data, but even in basins 

subject to heavy exploration, the best data are biased 

in favor of oil/gas-producing formations, and not those 

formations important for water resources. Important sci-

entifi c issues concerning the hydrologic cycle are de-

scribed below. 

Figure 2. Composite schematic of the hydrologic cycle, in-

cluding natural processes as well as human uses.
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INFILTRATION OF SURFACE WATER 
TO THE SUBSURFACE

Recharge of surface water to the water table—the 

point at which water from the atmosphere joins ground-

water—is a crucial link in the water cycle. Many factors 

affect the spatial distribution of infi ltration and the ratio 

of infi ltration to surface runoff, including surface topog-

raphy, surface geology (rock/soil types, local terrain 

variability, local and regional structural geology), veg-

etation, and climate, all of which are routinely modifi ed 

by humans. 

A better understanding of how surface water reach-

es subsurface aquifers has many important practical 

applications, such as evaluating the impact of land de-

velopment on our water supply. Another critical appli-

cation is improving our ability to predict the movement 

of water through radioactive waste repositories located 

in the deep subsurface, an issue under consideration in 

many parts of the country. Water movement through 

such systems is enhanced by the presence of fractures, 

but to date, no system has been available in which a 

large volume of unsaturated fractured rock could be ex-

tensively sampled in both vertical and horizontal dimen-

sions. EarthLab provides the opportunity to evaluate 

direct indicators of infi ltration rates and fault/fracture 

patterns, as measured from the inside, rather than in-

ferred from the surface.

 Key questions are:

 What are the pathways that water takes through soil 

and rock once it infi ltrates the subsurface?

 What are the interrelationships among the physical, 

chemical, and biological characteristics of the sub-

surface, and how do they affect infi ltration?

 How can the magnitude of recharge and distribution 

of recharge be predicted using routine measure-

ments?

Figure 3. Breakdown of water use by type of 

use, compared to population growth through 

time. Water consumption has declined since 

1980, but that reduction is primarily from 

decreased use of surface water resources. 

Exploitation of groundwater resources has 

not decreased signifi cantly, suggesting that 

groundwater exploration must be improved 

to ensure an adequate water supply, espe-

cially in those areas not served by surface 

waters. Data from “Estimated Use of Water 

in the United States in 1995,” United States

Geological Survey Circular 1200 (http:

//water.usgs.gov/watuse/pdf1995/pdf/

circular1200.pdf).
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Members of the Soudan Mine Crew (the laboratory staff) 

entering the shaft cage at the beginning of a shift. The cage 

descends a half mile to the 27th level to reach the lab in two 

minutes. (Fermilab Visual Media)

The shaft station at the 27th level of the 

Soudan Mine (from www.hep.umn.edu/

minos/images/soudanmine0002.html)

The oldest and largest underground laboratory func-

tioning in the United States today is 710 m underground 

in the Soudan Mine in St. Louis County in northeastern 

Minnesota. Soudan is a hematite mine, located at the 

western end of the Vermilion Range, the northernmost 

of Minnesota’s three famous iron ranges. Mining at 

Soudan started in 1883 and underground mining began 

at a high level in the 1890s, using stoping techniques 

imported from Cornwall and workers from a variety of 

countries, mostly in Eastern Europe.

When U.S. Steel’s Oliver Mining Division ceased min-

ing at Soudan in 1962, Minnesota State Parks transformed 

the mine into a historic tourist attraction. Typically, about 

40,000 people visit the underground workings at Soudan 

each year in a combination of public and school group 

tours. Science began at Soudan in 1980, when University 

of Minnesota physicists installed a 30-ton proton decay 

detector in an existing drift on the 23rd level. In the mid-

1980s, the university constructed its fi rst dedicated lab 

room at Soudan. This lab, 15 m high by 15 m wide by 

70 m in length on the 27th level, housed the 1 kiloton 

Soudan 2 Detector, a tracking calorimeter designed 

to search for proton decay. Although Soudan 2 never 

observed any proton decays during 12 years of data 

collection, it did make important measurements on neu-

trino oscillations and neutrino mass. The Cryogenic Dark 

Matter Search (CDMS 2) Detector is currently located in 

the Soudan 2 Lab.

From 1999 to 2001, the University of Minnesota con-

structed a second room, 16 m high by 15 m wide by 90 

m in length, about 50 m east of the Soudan 2 Lab. The 

Main Injector Neutrino Oscillation Search (MINOS) Far 

Detector will be completely installed in this MINOS Lab by 

summer 2003. Beginning in 2005, the MINOS Far Detector 

will measure a beam of neutrinos sent to Soudan from 

Fermilab near Chicago, 730 km away. These measure-

ments will help better determine neutrino masses and 

the other parameters of neutrino oscillations.

Geologists and other scientists and engineers at 

Soudan are developing designs for expanding the labo-

ratory downward to provide additional capabilities for 

underground science and engineering. Basalt, located 

south and east of the iron formation, is the most likely 

context for the possible expansion. The expansion plan 

would take advantage of the existing laboratory and its 

physical and human resource infrastructure.

Soudan Mine, Soudan, Minnesota
Contributed by Marvin L. Marshak, University of Minnesota



16

GROUNDWATER FLOW
The permeability of crustal rocks—their capacity for 

transporting fl uid—is probably the most fundamental 

and critical rock property affecting fl uid fl ow in the sub-

surface. Detailed knowledge of rock permeability is es-

sential for fi nding and exploiting water resources in the 

subsurface. It is also useful in tracking and remediating 

contaminated groundwater, and exploring for oil and 

gas. A rock formation’s permeability may have different 

values depending on the scale at which it is evaluated 

(Figure 4), making assessments of fl uid fl ow and aqui-

fer or reservoir capacity highly inaccurate at best. Key 

questions are:

 What is the relationship between permeability and 

scale? What scales are appropriate for evaluating 

and quantifying water resources, calibrating models, 

or testing hypotheses in general?

 What are the key transport pathways for water, and 

how can we best measure them?

 How can geochemical tracers be used to accurate-

ly predict fl uxes of water and solutes through a rock 

mass?

 Which transport pathways are general to water-satu-

rated environments, and which are unique?

Figure 4. Effect of scale on permeability of rocks in three different sedimentary 

basins in the United States, including the Uinta Basin, Utah, the Powder River 

Basin, Wyoming, and the Pierre Shale in South Dakota. Dashed line at 10-14 m2 

indicates inferred average earth crustal permeability. Error bars associated with 

Uinta Basin data refl ect the full range of permeability observed at each scale.
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Rock deformation occurs at many scales, from dis-

location cracks to continental faults. Understanding 

rock deformation and the numerous mechanisms that 

contribute to it is essential to much science study and 

engineering activity that share the broad discipline of 

geomechanics. As the scale of observation is increased, 

additional mechanisms of deformation come into ef-

fect. For this reason, EarthLab provides a unique op-

portunity to increase our scientifi c understanding of rock 

deformation and to improve engineering capability for 

designing safe, stable structures in rock at depth.

The spatial distribution of fractures and fl uid fl ow, 

when present within a rock mass, affect its present state 

of stress and are the product of its geological defor-

mation history. Thermal, chemical, and biological pro-

cesses also infl uence fl uid fl ow and the development of 

fractures. The coupling and feedback among thermal, 

hydrologic, mechanical (stress), chemical, and biologi-

cal (THMCB) processes from the lab scale to the scale of 

large underground excavations to the crustal scale re-

mains one of the outstanding issues in Earth science that 

cuts across many disciplines. A more accurate model 

of the interactions among these key processes will not 

only lead to a better understanding of Earth’s history but 

will also stimulate the development of innovative tech-

niques for resource recovery, waste disposal, site restora-

tion and remediation, and underground construction.

Rock deformation deep in the subsurface is not 

well characterized, except in a few deep mines, par-

ticularly in South Africa. Most present-day deformation 

is measured at the surface, and these surface mea-

surements are disproportionately made across or ad-

jacent to active faults. Strainmeters, satellite-generated 

Interferometric Synthetic Aperture Radar (InSAR), and 

ROCK DEFORMATION AND FLUID FLOW
Global Positioning System (GPS) data are used for these 

surface measurements. Inverse methods of mathemat-

ics can be used to estimate the displacements at depth 

associated with fault motions, and these displacements 

can in turn be used to evaluate the subsurface stress 

perturbations associated with faulting. Surface mea-

surements by themselves, however, are completely 

inadequate for determining the baseline (or ambient) 

stress distribution at depth, and this baseline distribution 

must be known to predict how faults will slip and how 

subsurface excavations will deform. Stress measure-

ments in deep boreholes afford a glimpse of the stresses 

at depth, but because they are relatively few in number, 

prone to considerable scatter, and are associated with 

small rock volumes, they are inadequate to defi ne the 

stress state for many purposes. Direct, repeatable, in situ 

measurements throughout a large rock volume at depth 

in a tectonically quiet environment are the only way to 

defi ne an accurate stress baseline.

EarthLab priorities for geomechanics are to: (1) eluci-

date the state of stress and stress history of a large rock 

mass, (2) investigate the nature of three-dimensional 

fracture systems, and (3) perform active experiments 

underground to study THMCB coupling.

STATE OF STRESS
Fundamental to progress in both geomechanics and 

tectonics is better knowledge of the spatial and tempo-

ral distribution of stresses. Considerable research is need-

ed to provide a more realistic assessment of the state of 

deformation and stress in rock, on scales ranging from 

engineering excavations to Earth’s tectonic plates. Such 

studies could assist in verifying the predictions of ana-

lytical and numerical models, allowing more confi dent 
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application of the models to still larger-scale problems. 

Implicit in this discussion is the need to develop improved 

experimental procedures for the in situ observations. 

Techniques are available to determine the state of 

stress in situ and to measure deformation induced by the 

redistribution of stress, but these are costly procedures 

and often limited in scope. It is not uncommon to see 

stress measurements at essentially a point extrapolated 

far beyond their range of validity. In some cases, iso-

lated point measurements are used to infer stress condi-

tions throughout almost an entire tectonic plate many 

thousands of square kilometers in extent. 

Access to the large rock volume in EarthLab will also 

permit testing of the hypothesis that Earth’s crust is “criti-

cally stressed,” that is, some portion of the rock is always 

close to failure by fracture. Repeated shearing of criti-

cally stressed fractures can keep fl ow paths open that 

minerals precipitated from fl owing fl uids might otherwise 

seal. The greatest rock permeability at depth, therefore, 

is predicted to occur along critically stressed fractures. 

Characterizing fractures, stress fi eld, and fl uid fl ow within 

the subsurface will permit a rigorous test (and perhaps 

an extension) of this critical stress theory.

Key questions EarthLab will address about state of 

stress in the crust are: 

 Is the crust at EarthLab critically stressed as at sites in 

other stable, intraplate areas? 

 How do point measurements relate to regional and 

global stress values? 

 How does stress state vary in scale from borehole to 

tunnel to regional geology?

 How are stress state and strength related to geologic 

heterogeneity, the presence of fl uids, and rock an-

isotropy?

 How does stress state affect the stability of tunnels, 

shafts, wellbores, and large, room-sized excava-

tions?

FRACTURE PROCESSES 
Pervasive fracturing of a rock mass is common and 

can occur over a broad range of spatial and temporal 

scales. Fracture persistence, or subsurface areal extent, 

and fracture connectivity are diffi cult to predict, mak-

ing associated engineering efforts prone to signifi cant 

errors. 

Fractures serve as conduits and/or barriers to sub-

surface fl uid fl ow, so they are important to the fl ow of 

groundwater, hydrocarbons, ore-forming fl uids, geo-

thermal fl uids, and fl uids that sustain life deep within 

Earth. Fracture distributions, and how we think of them, 

also infl uence how we design exploration strategies for 

the subsurface. We still have much to learn about the 

geometry of fracture systems, the processes that create 

them, and how they conduct fl uids and heat.

To date our most sophisticated characterizations of 

fracture networks in the subsurface typically involve ex-

trapolating information gained from surface exposures 

(Figure 5), borehole observations, and inferences drawn 

from geophysical data. These methods, however, have 

some limitations, especially when applied separately. 

Surface exposures commonly are obscured by soil, veg-

etation, or water, and in many cases fractures formed 

near the surface are superposed on those that formed 

at depth. Boreholes sample relatively small volumes of 

rock, making characterization of large fracture networks 

problematic. Existing borehole and surface geophysical 

techniques are unable to detect fractures below certain 

size thresholds, and they commonly cannot detect de-

tails that illuminate how fracture systems develop. 

Accurate and detailed information on fracture loca-

tions, sizes, orientations, and physical characteristics will 

be invaluable for testing, improving, and developing 

new geomechanical models, hydrologic methods, and 

new non-invasive geophysical methods for subsurface 

characterization. In general, a trade-off exists between 



19

geophysical resolution and spatial scale. Innovations 

developed and tested at EarthLab will provide for more 

effective and more effi cient characterization of subsur-

face fracture networks in aquifers, in economically via-

ble hydrocarbon reservoirs, and in ore bodies. Note that 

the geophysical evaluations will be done in conjunction 

with direct observations rather than separately. This will 

have a very positive synergistic effect, not just on tech-

nique development, but also in fostering interdisciplinary 

collaboration among geologists, geophysicists, special-

ists in rock mechanics, and hydrologists.

Subsurface access to a well-exposed, extensive, 

three-dimensional rock mass will make a tremendous 

contribution to our understanding of fractures in rock. 

Key questions that can be addressed are:

 How do fracture networks and faults form and grow?

 At what limiting conditions does the healing of micro-

cracks outstrip their rate of generation, and therefore 

infl uence their persistence in time and space?

 How can we improve geophysical imaging of fractures?

 How can we relate geomechanical and hydrogeo-

logical properties of faults?

 How do the fractures in a rock volume of about one 

cubic kilometer relate to regional tectonic patterns?

 How are fracture networks affected by mining and 

construction activities and vice versa?

THMCB COUPLING
Fluid circulation within the crust is not only infl uenced by 

the new fractures that may result from changes in stress 

and temperature, but also by alteration of the perme-

ability of these new fractures by chemical or biological 

dissolution or precipitation and changes in fl uid pressure 

from chemical or biological activity. The chemical and 

biological reaction rates are, in turn, controlled by tem-

perature and the transport of energy, and nutrient- and 

microbe-bearing fl uids. THMCB interactions should exhib-

it strong feedbacks, making their importance at the fi eld 

scale particularly diffi cult to extrapolate from small-scale 

laboratory experiments. Multidisciplinary, large-scale, in 

situ experiments observing THMCB interactions in frac-

tured rock will be one of EarthLab’s seminal contribu-

tions to the Earth sciences fi eld. These experiments can 

take advantaged of existing, well-characterized frac-

ture networks to monitor spatial and temporal impacts 

of thermal, chemical, or biological stimulation on fl uid 

fl ow and rock stress. By inducing new fracture networks 

through heating or hydrofracturing, the importance of 

fracture formation on in situ chemical or biological ac-

tivity can be delineated. 

Key questions related to coupled THMCB processes 

that may be addressed in EarthLab include: 

 Under what thermal, chemical, and mechanical 

(stress) conditions do deep, fl uid-conducting frac-

tures remain open or seal by dissolution or precipita-

tion of minerals? Are these conditions infl uenced by 

microbial activity? 

 How does coupling among fl uid pressure, rock stress, 

temperature, and fracture aperture affect the dy-

namics of fl ow and transport in rock?

Figure 5. Fracture Network 

Exposed on Surface Outcrop. 

Photo courtesy of S. Martel.
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Figure 6. Distribution of arsenic in drinking water in the United States. Most 
of the variation in arsenic content is due to rock-water interaction in which 
water leaches arsenic from rocks that contain arsenic-bearing minerals (from 

U.S. Geological Survey).

ROCK-WATER CHEMISTRY
Rock-water interaction involves the many dissolution 

and precipitation reactions that control the mobility of 

elements and compounds at and below Earth’s surface. 

Earth varies greatly in composition, in part because 

groundwater dissolves minerals and rocks and transports 

their constituents to new locations. This combination of 

dissolution and precipitation reactions, which is known 

as rock-water interaction, controls the mobility of ele-

ments and compounds and the quality of both water 

and rock in the crust. Rock-water interaction affects our 

environment in many ways, determining, for example, 

the abundance of arsenic in well water (Figure 6), the 

amount of clay in soil and rock, and the amount of acid 

drainage from abandoned mines.

EarthLab will allow study of active rock-water inter-

action at a multitude of scales in both space and time. 

Most active geochemical processes can be studied in 

nature only at the surface and after they have evolved 

for extended periods. The opportunity to observe them 

in an underground setting, at earlier stages in their evo-

lution and over shorter time scales, will provide better 

understanding of the processes and will permit extrapo-

lation of results from the laboratory to larger, natural 

scales. This, in turn, will enhance our ability to use labora-

tory results to benefi t society with, for instance, methods 

to limit acid mine drainage or dispersal of radioactive 

waste from disposal sites. 
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ACID MINE DRAINAGE
One of the most important focuses of research on ac-

tive rock-water interaction in an underground science 

laboratory is acid mine drainage (AMD). AMD results 

from active rock-water interactions around working 

and abandoned sulfi de-bearing mines and mine wastes 

(Figure 7), and it is a multi-billion dollar environmental 

problem. Over 200,000 active and abandoned mining 

sites in the United States alone release large amounts of 

acidic, metal-bearing water into the environment, creat-

ing trails of contaminated soil and sediment that extend 

up to hundreds of kilometers away from their source, 

usually along rivers and streams. Most AMD-generating 

sites were created before society recognized this as a 

large-scale problem. Although AMD has been studied 

extensively in surface environments, much less informa-

tion is available on early-stage subsurface processes 

that generate most of the acid. EarthLab will focus on 

the processes that initiate oxidative weathering and the 

minerals that form when this process is interrupted. 

Chemical reactions that take place between wa-

ter and sulfi de minerals, the main cause of AMD, are 

among the most complex and dynamic of all geochem-

ical processes. When these reactions take place in the 

presence of oxygen, they can generate AMD solutions 

with pH values as low as -3.6, which are the most acid 

natural waters observed so far at Earth’s surface. Where 

AMD effl uent mixes with air and oxygenated surface 

water, it precipitates iron oxides, oxyhydroxides, and/or 

hydroxysulfates that contain very high concentrations of 

toxic heavy metals. At the surface, these minerals can 

be dispersed as sediment into surrounding streams, rivers 

and groundwaters. In underground mines where waters 

are pumped away, however, they precipitate on walls 

of fractures and remain there until they are dissolved 

again as the mine fl oods. Dissolution of many of these 

minerals produces large amounts of acid, making them 

a major source of AMD. Research at EarthLab is expect-

ed to provide new information on the forms taken by 

these minerals, the changes they undergo as oxidative 

reactions continue, the degree to which they react with 

rocks along the walls of their host fractures, and the role 

of subsurface microbiota in facilitating these reactions. 

UNDERGROUND WASTE STORAGE
Rock-water interaction is also important to problems of 

underground waste disposal. Underground facilities are 

widely regarded as the most secure sites for disposal 

of nuclear and other highly contaminated wastes be-

cause they can be isolated from the surface environ-

ment. Nuclear wastes will be placed in containers in 

most underground disposal sites, and the rock will serve 

as a secondary barrier. Most other types of wastes are 

not placed in containers, however, with the rock serving 

as the primary barrier to waste migration. 

Figure 7. Transmitted electron 

microscopy (TEM) image of ferri-

hydrite (the stippled portion of the 

image, mostly in the lower half) and 

hydrohetaerolite (the fi brous phase 

mostly in the upper half). The fer-

rihydrite (an iron oxyhydroxide) 

consists of nanometer-sized, semi-

crystalline particles; the hydrohe-

taerolite, a Zn, Mn oxide hydrate, 

is a “one-dimensional” phase, with 

fi bers as narrow as 1 nm. These 

phases are from an acid mine 

drainage site in Montana, and are 

important in the transport of toxic 

metals into the environment. Image 

courtesy Michael Hochella, Virginia 

Polytechnic Institute. 
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There is a strong interest in learning how rock-wa-

ter interaction will impede the movement of waste. 

Adsorption is the most important process that allows 

rocks to serve as barriers. During adsorption, waste ele-

ments and compounds that are dissolved in migrating 

water become chemically attached to the surface of 

minerals in the rock, thus becoming immobile. The ca-

pacity of rocks and minerals to adsorb elements and 

compounds in the natural environment is a function of 

their composition as well as the composition of waste-

bearing solutions. In many rocks, waste-bearing fl uids 

fl ow through fractures and the age and mechanism 

of formation of the fractures can affect the adsorp-

tive capacity of the rock. Temperature is also important 

because radioactive wastes and even some chemical 

wastes are hot enough to cause changes in the rocks 

and minerals, thus affecting their adsorbing capacity. 

EarthLab will provide a setting for several new types of 

experiments related to waste disposal, including those 

in which fractures are induced by fl uid pressure, allow-

ing wastes to contact newly formed rock surfaces, and 

others dealing with fl ow and adsorption in relatively im-

permeable rocks different from those that have been 

tested in most other settings. 

ORIGIN OF MINERAL DEPOSITS
Increased understanding of the geological, chemical, 

and biological processes that form mineral deposits is 

critical to improved exploration for new mineral resourc-

es. Many mineral deposits are formed by circulating 

hot waters, or hydrothermal solutions, that change the 

composition of the rocks through which they migrate. 

Evidence of this rock-water interaction is found in the 

rock in the form of fl uid inclusions and new minerals. 

Fluid inclusions are small amounts of the hydrothermal 

Figure 8. Highly saline fl uid inclusions containing crystals of salt (white) 

and hematite (red) and a vapor bubble (black sphere) in quartz from a 

porphyry copper deposit. Largest inclusion is 50 micrometers in width. 

Image courtesy S.E. Kesler, University of Michigan.

solutions that were trapped in new minerals precipi-

tated, and provide information on the composition of 

ancient fl uids (Figure 8). New minerals that form during 

rock-water interaction provide useful guidelines toward 

the location of mineral deposits.

EarthLab will permit much more detailed research on 

ore formation than is possible in most currently available 

settings. Most hydrothermal deposits are surrounded by 

altered rock containing new minerals as well as anoma-

lous concentrations of ore elements that greatly enlarge 

the exploration target. Studies of these features where 

they are exposed at the surface are complicated by 

weathering and other surface processes, making under-

ground exposures particularly useful. The specifi c type of 

experiments related to ore-forming processes that might 

be carried out in EarthLab will depend on the exact set-

ting of the lab. If the lab is situated in an inactive mine, 

it will provide an in situ laboratory for testing of ore-form-

ing theories and delineation of far-fi eld effects that en-

hance exploration effi ciency. 
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Waste Isolation Pilot Plant, New Mexico
Contributed by Roger Nelson, U.S. Department of Energy

This drum miner (above) 

removes up to 875 tons per 

shift. Openings 4 m x 8 m 

can be advanced at a rate of 

about 15 m per shift.

A miner’s lamp held against the 

salt (right) shows the diffuse glow 

of backscattered light from within 

the evaporite formation.

The Waste Isolation Pilot Plant, or WIPP, is the world’s 

fi rst underground repository licensed to safely and per-

manently dispose of transuranic radioactive waste left 

from the Department of Energy’s (DOE) research and 

production of nuclear weapons. Located in the remote 

Chihuahuan Desert of Southeastern New Mexico, the 

DOE’s WIPP project facilities include disposal rooms 

mined 667 m underground in a 900-m thick evaporite salt 

formation that has been stable for more than 225 million 

years. Over a 35-year life operating period, the DOE ex-

pects to permanently dispose of about 37,000 shipments 

of defense-related radioactive waste at WIPP.

In late 2000, WIPP began offering its operations infra-

structure and space in the underground to researchers 

requiring a deep underground setting with dry condi-

tions and very low levels of naturally occurring radio-

active materials. The deep geologic repository at WIPP 

provides an ideal environment for experiments in many 

scientifi c disciplines, including particle astrophysics, 

waste repository science, mining technology, low ra-

diation dose physics, fi ssile materials accountability and 

transparency, and deep geophysics. 

As an operating facility, WIPP allows experiment-

ers to avoid high start-up and overhead expenditures. 

Infrastructure and mine operation support are highly 

“leveraged” by the waste disposal mission. To the ex-

tent that the prime mission of waste disposal at WIPP is 

not compromised, the facilities and equipment can be 

used to lower the cost of creating customized cavities 

and conducting research at WIPP. Current estimates 

to create custom cavities indicate about $20/m3, with 

less for larger-volume cavities. This includes bulkheads 

for ventilation control, lighting, and power distribution. 

Actual costs depend to a large extent on total volume 

and confi guration complexity.

In the northern reaches of the WIPP underground, 

DOE recently made about 0.5 km of clean drifts avail-

able for experimental equipment. This area has its own 

ventilation split and is out of the routine mine traffi c 

patterns. The nominal opening dimensions of the ex-

periment gallery are 8 m x 6 m. Compressed air, power 

and mine phones are also available. See www.wipp.ws/

science for more information.
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possible to observe seismic waves emerging from Earth’s 

mantle that have more high-frequency content than is 

observed at most surface seismographic stations. This 

additional high-frequency content will translate into 

improved precision for a wide variety of seismological 

studies, such as detection of weak signals, location of 

seismic events, determination of source processes, deci-

phering triplications in travel time curves, and measuring 

polarization anomalies of S waves.

A seismic array is a set of seismographic sensors with 

common recording characteristics deployed with a ge-

ometry chosen for a specifi c goal. EarthLab ideally will 

have a large complex of vertical and horizontal drifts, 

permitting installation of an underground 3-D seismic 

array. Arrays of seismic sensors have numerous advan-

tages over a single sensor, such as noise reduction and 

allowing the determination of both the time that a signal 

arrives and the direction that it is traveling. This capability 

is extremely useful in the common situation where signals 

from several different directions are arriving at the same 

time. A 3-D array would be able to separate the upward 

propagating wave from the downward propagating 

refl ected wave. The array can be steered, much like a 

telescope, to look in a particular direction. Furthermore, 

the availability of data from an array makes possible a 

wide variety of signal processing, enhancement, and 

wavefi eld imaging methods that are not options with 

data from a single station. Depending upon the spatial 

coherence of signal and noise, these array-processing 

methods can greatly increase the signal-to-noise ratio of 

the seismic data. The presence of a 3-D lattice of instru-

ments, which is not an option when seismographs are 

installed at the surface, further expands the variety of 

processing methods that can be used. Indeed, EarthLab 

would be the fi rst seismic observatory with a large 3-D 

Earth’s surface is an inhospitable place to operate a 

seismographic station. Cultural noise, wind, barometric 

changes, absorption of high-frequency energy by the 

relatively soft and highly fractured surface rocks, scatter-

ing from topography, and scattering from the high de-

gree of heterogeneity in physical properties that exists 

near the surface greatly increases the diffi culties of data 

interpretation. Despite these pitfalls, most seismographic 

stations have been installed either at the surface or in 

shallow vaults a few meters below the surface due to 

logistical necessities. In recent years, more instruments 

have been placed in shallow boreholes, typically at 

depths of 100 to 200 m, often greatly improving signal 

quality. Some seismometers in boreholes have been suc-

cessful, including the Cajon Pass borehole and Parkfi eld 

borehole, but large-scale vertical and horizontal arrays 

in the subsurface are nonexistent. With seismometers at 

a depth of over 2 km below the surface, EarthLab will 

be a unique seismological observatory, providing enor-

mous potential for recording seismic signals with a fi del-

ity that has not often been achieved. 

The types of problems that can be addressed by 

EarthLab’s deep seismic observatory depend on its 

location, but a site near the center of the continent in 

a stable geological setting would offer several advan-

tages. A position far from the most important sources 

of natural noise, such as oceans, and far from the most 

important sources of cultural noise, such as large metro-

politan areas, would be preferable. Furthermore, older 

continental shields are capable of propagating seismic 

waves with much less attenuation than younger, more 

tectonically active regions such as the western United 

States. These factors, together with the siting of seis-

mometers at depths that avoid the highly attenuating 

materials near Earth’s surface, suggest that it may be 

DEEP SEISMIC OBSERVATORY
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array, offering unprecedented capability for imaging 

the seismic wave fi eld. Such a seismological observatory 

could be composed, at a minimum, of two main compo-

nents: a single very broadband (VBB, or large frequency 

array) three-component sensor and a broadband (BB) 

3-D array of three-component sensors. If EarthLab is lo-

cated in a seismically active area, then adding acceler-

ometers at some or all of the stations could enhance the 

ability of the facility to record high-frequency ground 

motion. The preferred minimum arrangement consists 

of a horizontal array with about 20-40 stations, a vertical 

array of 20-40 stations, and an aperture of about 30-60 

square kilometers. Dynamic spatial and temporal fi lter-

ing will provide an unprecedented ability to separate 

different wavefi eld components. This offers the possibil-

ity, for example, of better discrimination of small events 

buried within the waveforms of larger events. This under-

ground array has the potential to be one of the most 

sensitive and most versatile seismological observatories 

in the world.

Monitoring of seismic events is not restricted to earth-

quakes occurring at great distances from the science 

laboratory. Depending upon the instrumentation se-

lected, the observatory also may provide an important 

monitoring and location function in recording seismic 

signals from small events within EarthLab itself, such 

as rock bursts or collapses. Seismicity can be induced 

by mining activities, either as a result of stresses due to 

blasting and closure of the underground openings as 

they deform under high rock pressures, or from move-

ment along existing shear zones. The latter process more 

closely resembles the slip associated with tectonic earth-

quakes. The geoscience experiments and preparations 

for the physics experiments will entail the underground 

construction of drifts and large galleries at depths which 

produce high rock pressures. Depending upon subsur-

face rock type, this will present an excellent opportu-

nity to examine the processes associated with seismic-

ity induced by the mining operations and will result in 

a greater understanding of how earthquakes are initi-

ated in Earth. Studying seismic activity at this scale and 

even “inducing” small microseisms raise the level of ex-

perimentation from the laboratory to the fi eld. The pros-

pect of being able to design and install measurement 

systems designed specifi cally to monitor these events 

under conditions that are larger than laboratory scales 

will provide an unprecedented level of control as well as 

the prospect of being able to initiate and perhaps even 

predict the location and timing of the events. 

Other applications may also become important 

during the course of operation of the 3-D seismic array. 

The goals of EarthScope’s SAFOD (San Andreas Fault 

Observatory at Depth) project are similar to the goals of 

EarthLab’s Deep Seismic Array, but SAFOD is limited to 

being a vertical array. Additionally, although the goals 

of EarthLab’s Observatory and EarthScope’s USArray 

are quite different, the data from both will be comple-

mentary. The single VBB station in the Deep Seismic 

Observatory will contribute data to the Permanent 

Backbone component of USArray. The Deep Seismic 

Observatory will provide high-quality seismic information 

to correlate with that derived from the Transportable 

Array component of USArray when these stations move 

through the Observatory area. USArray, in turn, should 

yield valuable information about the local velocity struc-

ture in the vicinity of the Observatory. This equipment will 

also provide a measure of the background levels of 

ground motion, which may be important in the opera-

tion of sensitive scientifi c instruments and experiments 

throughout the underground complex. 
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GEOPHYSICAL IMAGING
The ability to image fractures and to characterize their 

length, width, and apertures cuts across many different 

fi elds of research and societal concerns. Knowledge of 

fractures and fracture networks is important to studies 

of groundwater fl ow, recovery of gas and oil, rock me-

chanics, hazardous waste containment, carbon seques-

tration, and as a habitat for subsurface biota. Fractures 

and fracture networks are critical elements in chemical 

transport, ore formation, heat fl ow, faults, and earth-

quakes. EarthLab will offer a variety of opportunities to 

develop a better understanding of fracture networks at 

the fi eld-scale level.

Commonly used geophysical imaging techniques 

for high-resolution applications include electromagnet-

ics, seismics, microgravity, resistivity, induced polariza-

tion, and ground penetrating radar (GPR). Fractures 

present both mechanical and a electrical conductivity 

anomalies, especially if they are fi lled with fl uid. As the 

rock volume of interest becomes larger, other meth-

ods involving the determination of electrical resistivity 

through direct electrical methods or electromagnetic 

induction methods can probe deeper into the rock to 

detect and delineate fracture systems.

In the case of EarthLab, the fractures will control the 

mechanical as well as the hydrologic response of the en-

tire system. It is critical to not only know the initial state of 

the fractures (geometry, density, spacing, fi lling, length, 

and connectivity) but to know how perturbing the sys-

tem changes the interaction of the fractures with the 

rock matrix. Recent developments in fracture imaging 

from the oil and gas as well as the geothermal industries 

can be used to characterize the fracture system. For ex-

ample, effects of the fracturing on the transmission and 

Figure 9. Cross-well seismic data across the fracture before (top) and 

after gas has been injected into the fracture. The red indicates the loca-

tion of high-energy seismic data, and the blue indicates the low-energy 

data. By comparing before and after, one can use transmission data 

with the refl ected data to accurately locate the fracture. From Majer, E., 

2002, Soc. Explor. Geophys. meeting abstracts, Salt Lake City, UT.
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refl ection of seismic energy can be used effectively to 

map out the extent and, in some cases, the aperture of 

the fracturing. Figure 9 shows the effect of a small frac-

ture (Figure 10) on the seismic wave as the properties 

of the fracture fi lling are changed. In this case, to make 

the fracture more visible, air was introduced into the 

fracture (water replaced partially with gas) to decrease 

the stiffness of the fracture. (This is similar to the medi-

cal practice of making the blood paths more visible by 

introducing x-ray sensitive tracers into the patient.) The 

gas slows down and attenuates the seismic signal and 

causes a large change in the seismic signals where the 

gas has penetrated. Here, the attenuation was used to 

locate a very small feature, on the order of a few mil-

limeters, that had a very large effect on the hydrologic 

regime. This fracture controlled the entire hydrologic re-

gime over a 50 m volume. 

To gain a more complete understanding of what the 

geophysical data are telling us, we need be able to cor-

relate with great accuracy the geophysical results with 

the geology, including fracture geometry, and the corre-

sponding hydrologic and microbial properties. EarthLab 

is one of the few places where we will be able to ground 

truth the geophysical data with actual fracture mapping 

at a variety of scales. A particularly important aspect is 

the opportunity to scale the results of the different data 

types. Scaling is one of the most important issues facing 

the geoscience community today. For example, in the 

case of microbial ecology, at what scale must we char-

acterize the chemical and physical environment to un-

derstand the microbial behavior? At EarthLab it will be 

possible to make very detailed measurements using drill-

ing results and borehole measurements, as well as make 

broad volumetric measurements with geophysical and 

hydrologic techniques. These measurements will help to 

elucidate scaling issues in geophysics and contribute to 

understanding scaling laws of nature. 

A few key questions to which EarthLab will contribute 

include:

 How do various types of geophysical data corre-

late with actual mapped geology over the entire 

EarthLab volume?

 What scale must be measured to understand the 

dominant processes and properties controlling im-

portant phenomena? 

 How do fl uid, physical, or chemical properties affect 

the detectability of fractures by geophysical tomog-

raphy?

 How many borehole samplers are required to char-

acterize the physical and chemical properties and 

temporal behavior of a fl uid-fi lled fracture when 

combined with geophysical tomographic observa-

tions?

Figure 10. A core sample through the fracture located with the seismic 

data. The actual fracture is indicated by the arrow, the other breaks 

were done by drilling.
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INTEGRATED EARTHLAB ACTIVITIES

EarthLab will provide a valuable resource for multidisci-

plinary and multi-institutional investigations. EarthLab’s 

primary goal is to provide an experimental and intellec-

tual foundation for investigating the origin and bounds 

of life; develop a fully coupled model of hydrological, 

deformational, thermal, biological, and chemical pro-

cesses in fractured rock; and develop practical applica-

tions for the mining, bioremediation, biotechnology, and 

pharmaceutical industries. EarthLab will be the only fa-

cility in the world where long-term, in situ geomicrobiol-

ogy and biogeochemistry experiments explore the evo-

lution, adaptation, and limits of microbial life in the deep 

subsurface. EarthLab’s research goals will be achieved 

by closely integrating hydrogeological, rock mechani-

cal, geomicrobiological, geochemical, geological, and 

geophysical activities and will rely upon geological, 

geochemical, and geophysical characterization of the 

underground environment. EarthLab can provide a fi eld 

platform for developing the technologies required to 

search for subterranean life on other planets in our solar 

system, especially Mars.

EarthLab will provide a controlled, though still natu-

ral, environment that can be sampled at a multitude of 

scales in both time and space. A wide range of experi-

ments will be conducted during the life of EarthLab and 

the details of the experiments will vary depending on 

their objectives. Experiments will be conducted using 

state-of-the-art instrumentation for assessing and moni-

toring subsurface processes. All of the experiments will 

make use of web-based data acquisition instruments to 

permit scientists from across the world to monitor experi-

mental results in real time. Data from the experiments 

will also be archived and made available to the scien-

tifi c community and the general public. The data will be 

useful for validating theories and calibrating theoretical 

models that are developed independently from, but 

perhaps motivated by, the experiments. 

During the fi rst two to three years, scientifi c efforts 

at EarthLab will focus upon characterizing microbial, 

geochemical, geological, and hydrological diversity, 

selecting sites for subsurface experimental stations, and 

establishing a surface laboratory and instructional facil-

ity. The surface facility will archive samples, centralize 

data collection and dissemination, and coordinate mul-

tidisciplinary research efforts with an educational and 

outreach program (see E&O section on p. 52). 

Five underground research facilities will be construct-

ed for EarthLab, each of which focuses on different fac-

ets of subsurface science. 

 The Ultradeep Life and Biogeochemistry Observatory 

will explore the limits of life in 4 to 5-km-deep bore-

holes.

 The Induced Fracture and Deformation Processes 

Laboratory will examine the relationships among 

hydrology, biology, and chemistry to mechanically, 

hydrologically, and thermally induced fracturing. 

 The Deep Flow and Paleoclimate Laboratory and 

Observatory will refi ne large-scale, long-term hydro-

logic models of fl uid fl ow in fractured rock and will 

examine its coupling with climate change.

 The Deep Coupled Processes Laboratory will delin-

eate the intermediate-scale coupling among hydrol-

ogy, biology, and chemistry with transport and stimu-

lation experiments in instrumented fracture zones.

 The Deep Seismic Observatory will use a 3-D subsur-

face seismic array to record local and global earth-

quakes, and also seismicity induced by mining activi-

ties.
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CHARACTERIZING THE EARTHLAB SITE
EarthLab’s long-term usefulness to the science and 

engineering community relies critically upon the instal-

lation of versatile, stable, underground experimental 

stations in geohydrologic environments that enable the 

many questions raised in the previous sections to be ad-

dressed. In order for EarthLab to make optimal and eco-

nomical use of a site, a well-organized, comprehensive 

characterization effort must precede design and con-

struction of EarthLab underground facilities. 

Within the fi rst year, existing data on the drilling and 

excavation history, on the structural geology, particu-

larly the fracture geometry and spacing, on the ground-

water geochemistry, and on the petrology and miner-

alogy of the site will be integrated into a standardized, 

three-dimensional database with a three-dimensional 

imaging program. Engineering data from pre-construc-

tion and construction activity associated with the neu-

trino facility will be included as well. A three-dimensional 

rock mechanical, heat fl ow, and hydrologic model will 

be created for EarthLab based upon this spatial data 

set. These models will identify data types that are com-

pletely absent from the site and must be acquired im-

mediately, areas that represent potential experimental 

sites, areas that are redundant and may be closed off, 

and areas where further data are required to make this 

determination. 

The location, depth, and orientation of existing rock 

cores will be cataloged in the three-dimensional data 

set and a subset of rock cores will be selected for de-

tailed analyses and archiving. The geochemistry, min-

eralogy, mechanical, and petrophysical properties of 

representative lithofacies from these select cores will be 

determined. The aqueous and gaseous geochemistry, 

isotopic composition, temperature, and microbiology of 

water emanating from these boreholes will be analyzed. 

Temperature profi les and strain measurements of select 

dry boreholes will be measured. The results of detailed 

geological and fracture maps of tunnel walls will be 

added to the three-dimensional data base. As these 

characterization data are acquired, the mechanical, 

thermal, and hydrologic models will be updated. These 

models will be used to determine locations of optimum 

candidate underground laboratory sites based on pre-

dicted structural integrity. 

The fi nal location of the several EarthLab experimen-

tal stations will be determined from more detailed char-

acterization of candidate sites. This phase of character-

ization may require drilling and coring new boreholes 

from the tunnels, cross-tunnel and cross-borehole geo-

physical tomographic imaging, geophysical borehole 

logging, and in situ stress measurements. The cores will 

be collected with aseptic techniques so that the mi-

crobial composition as well as the geochemical and 

On-site access to cutting-edge technologies for real-time detailed biological, 

                             geophysical, mechanical, and geochemical interrogations, will establish 

          EarthLab as the world leader in subsurface science and engineering research.



30

petrophysical properties of the rock formation can be 

analyzed. For any water emanating from boreholes, the 

fl uid pressures, fl ow rates, water and gaseous chemis-

try, and microbial composition will also be determined. 

Hydraulic, fl ow meter, and tracer tests will be performed 

to characterize local hydrologic properties, including 

fracture connectivity and transport properties. This in-

formation when combined with the core analyses and 

the pre-existing three-dimensional data base and a lo-

cal-scale mechanical, thermal, and hydrologic model 

will provide a solid basis for assessing the suitability of 

the candidate site for the planned long-term experi-

mental station. This detailed characterization process 

will also provide the geological, hydrologic, structural, 

and microbial baseline measurements, prior to further 

excavation and drilling, required for comparison with 

subsequent experimental results. The detailed char-

acterization data and local-scale model results will be 

used to refi ne the larger-scale EarthLab mechanical, 

hydrologic, and thermal model. Finally, as the results 

of each stage of characterization are published, the 

three-dimensional database will be made accessible 

to the public via a searchable data depository on the 

Internet.

Sampling tubes

Plastic Sheets

1 m

Figure 11. A large-scale fl ow and tracer experiment was carried out 

in the Stripa Project mine in Sweden by covering the upper part of 

the walls with plastic sheeting, and collecting the water seeping from 

the rock. Over a period of 1.5 years, tracers were injected into three 

boreholes drilled vertically upward from the main drift. The complex-

ity of the fracture and fl ow system is indicated by the great variability 

in results. Of the nine tracers injected, three were not detected during 

the course of the experiment, and recovery varied from 2.8% to 65.8% 

for the rest. Figure and caption modifi ed from Abelin et al., 1991, Water 

Resources Research, 27 (12), 3017-3117.
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ULTRADEEP LIFE AND BIOGEOCHEMISTRY OBSERVATORY
GOALS

The goal of this observatory is to defi ne the upper tem-

perature limit of life in the crust and what factors control 

it by identifying the mineralogical and geochemical sig-

natures marking the transition between the hyperther-

mophile and hydrothermal zones, and between biologi-

cal from abiological processes.

CRITICAL APPLICATIONS
 Borehole Life-Detection Technology: Develop new 

technologies for detecting and characterizing micro-

bial life using borehole sensors that can be adapted 

to explore for subsurface life on other planets.

 Biotechnology: Highly stable, high-temperature ex-

tremozymes have potential for remediation of metal 

and organic-contaminated sites. 

BASIC PROCESSES
 Maximum Temperature for Life: Determine how ther-

mophiles and hyperthermophiles are able to main-

tain cell function and integrity at high temperatures 

with the paucity of energy resources that character-

ize deep subsurface environments. 

 Signatures of Abiogenic Versus Biogenic Processes: 

Delineate abiotic geochemical reactions from bio-

logically activated geochemical reactions that oc-

cur at high temperature. 

FACILITY DESIGN AND CONSTRUCTION
The design and construction of the Ultradeep Life and 

Biogeochemistry Observatory will take place in the fi rst 

two years following EarthLab characterization and site 

selection and will involve the following:

 Drill three 2-3 km holes from the bottom level of 

EarthLab to depths that will reach rocks with tem-

peratures of ~120°C, the highest temperature limit for 

known life forms. The three boreholes will form a tri-

angular array, ~20 m on each side. Geophysical and 

televiewer logging of the fi rst borehole will be used 

to identify fracture zones and coring intervals for the 

second and third boreholes.

 Collect ~30, 2-m-long cores for biological, geochem-

ical, and petrophysical analyses. Tracers will be used 

during coring to monitor and quantify contamina-

tion. Samples from each core will be placed within 

evacuated canisters on site for pore gas analyses. 

Other samples will be processed in an anaerobic 

glove bag for microbial enrichment and activity ex-

periments. Cores will be archived for molecular, isoto-

pic, petrographic, geochemical, petrophysical, and 

geochronological analyses at -70°C in EarthLab’s 

surface facility.

 Completely characterize the rock strata using geo-

physical cross-borehole tomography. These data, 

when combined with petrophysical data from the 

cores, will provide a three-dimensional image of a 

crustal slice down to 4.5-5 km. 

 Conduct pump tests of fracture zones isolated by 

packers to determine the hydraulic conductivity of 

the fractures.

 Isolate fractures in one borehole with packers and 

pump fl uids into an anaerobic microbiology lab lo-

cated on site for microbial growth experiments and 

genetic analyses. 
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Removable In Situ Experiment
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Hoist and Anaerobic Laboratory
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Multilevel Samplers

B
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 Install retrievable packers to isolate fractures in the 

other two boreholes for in situ experiments at 100-

120°C and ambient pressures.

 Fit one borehole with strainmeters to provide stress 

data to determine if the crust at EarthLab is critically 

stressed. 

EXPERIMENTAL PROGRAM
By the end of Year 2, the instrumented boreholes will 

provide an ideal experimental facility for observing life 

processes at high temperature and pressure. Some of 

the potential experiments that could be performed at 

Ultradeep Life and Biogeochemistry Observatory in-

clude:

Figure 12. The Ultradeep Life and Biogeochemistry Observatory. A. Three boreholes penetrate 2 kilometers intersecting several fl uid fi lled fractures 

and attaining a bottom hole temperature of ~110-120oC. After holes are drilled, cored and logged, and the inter-borehole rock volume tomographi-

cally imaged, fl uid-fi lled fractures are isolated with multilevel samplers (B) or in situ experiment samplers (C and D) equipped with compression 

packers. Fluids from both types of samplers travel through tubing to well head and pass through SS double gate high-pressure valves and into labora-

tory equipped with anaerobic glove bag (E). Winch enables the samplers and geophysical probes to be inserted and removed from borehole. 
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Abiogenic Versus Biogenic Processes

The results from analyses of the cores and fl uid will pro-

vide a great deal of information relating the limits of life 

for the ambient conditions and paleothermal history. 

They will also provide background information for in situ 

experiments:

 For each fracture fl uid, determine its viral, microbial, 

and eukaryotic composition; its dissolved and colloi-

dal inorganic and organic composition; its isotopic 

composition; and the stable, cosmogenic, and ra-

diogenic composition of the dissolved organic, inor-

ganic, and gas species.

 Perform fl uid-inclusion analyses on fracture-fi lling 

minerals to compare the temperature and pressure, 

organic, inorganic, and isotopic composition of the 

ancient water and gas with that of present-day frac-

ture fl uid.

 Perform fi ssion track and U-He apatite and 40Ar/39Ar K 

feldspar and illite analyses of the cores to provide a 

record of the temperature versus time history of the 

rock unit as it cooled from the hydrothermal zone 

through the hyperthermophile zone, determining the 

age at which changes in the fl uid composition oc-

curred. 

 Use ion microprobe, chemical, and stable isotope 

analyses of fracture-fi lling minerals to determine the 

composition of the fl uid fl owing through the fracture 

zones as the strata were uplifted and eroded. These 

analyses can also distinguish thermodynamic equi-

librium isotopic fractionation from biologically pro-

duced kinetic fractionation as the rock strata cooled 

from the hydrothermal zone to the hyperthermophile 

zone.

 Chemical and isotopic analyses of pore water and 

gases trapped in the low-permeability matrix of the 

rock core may still record the ancient pristine hydro-

thermal fl uid that has yet to mix with younger water 

passing through fractures. Noble gas analyses of rock 

cores can constrain the age of the fl uid. These analy-

ses will also identify and quantify the chemical en-

ergy fl uxes from the rock to the fracture fl uid, as this 

energy is necessary for organisms to live at depth. 

 The δ13C and δD of methane and light hydrocarbons 

can distinguish a microbial versus thermogenic ver-

sus abiogenic origin for these gases. 

 Nucleogenic isotopic analyses of the fracture fl uids 

will constrain their age and the ambient radiation fl ux 

when combined with detailed geochemical analy-

ses of the rock composition. 

Maximum Temperature for Life 

A variety of observations and experiments will signifi -

cantly advance our understanding of subsurface life at 

extreme temperatures including:

 Comparison of the molecular and genetic data from 

the cores with that of the fracture fl uids will deter-

mine the extent to which planktonic and sessile com-

munities are different.

 Comparison of the molecular and genetic data from 

the multiple fracture fl uids of one borehole with the 

geochemical and isotopic data will determine what 

geological factors control microbial diversity at high 

temperature. 

 The two boreholes with removable packers can also 

be used for microbial or chemical transport experi-

ments along specifi c fracture zones or for push-pull, 

in situ microbial activity experiments.
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 Hyperthermophilic isolates can be incubated with 

solid substrates surrounded by fi lters in the boreholes 

and their metabolic products and activity measured 

in real time. These in situ experiments will determine 

the factors that limit life at those high temperatures. 

Static, in situ experiments will employ radio-labeled 

or isotopically enriched compounds. Upon retrieval, 

biofi lms will be analyzed by fl uorescent in situ hybrid-

ization combined with either micro-autoradiography 

or secondary ion mass spectrometry. In the case of 

hydrocarbon substrates, these experiments can ex-

amine the fundamental processes associated with 

petroleum degradation in situ.

Biotechnology 
 Experiments performed in the subsurface lab using 

the fl uids from the borehole and radionuclides or 

toxic metals can test the ability of subsurface hyper-

thermophiles to tolerate and remediate these com-

pounds. Genes responsible for these abilities can be 

isolated, sequenced, and cloned for biotechnology 

applications. 

Borehole Life Detection Technology

  Boreholes with removable packers enable the inser-

tion of various devices designed to detect the foot 

print of low level microbial activity. These devices 

may detect changes in gas chemistry or electron 

fl ow and can be combined with downhole incuba-

tion experiments as a means of providing position 

controls. 
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DEEP FLOW AND PALEOCLIMATE LABORATORY AND OBSERVATORY
GOALS

A primary goal of this is experiment is to characterize wa-

ter fl ow and the fate and transport of paleoclimate prox-

ies, dissolved compounds, gases, and microorganisms 

from recharge in the rhizozone along fracture pathways 

to great depths. A related goal is to trace groundwater 

originating as surface recharge and identify factors af-

fecting the distribution of its organic, inorganic, and bi-

otic constituents as it fl ows through fractured rock and 

mixes with deep, ancient groundwater. 

CRITICAL APPLICATIONS
 Global Warming: Delineate the Pleistocene record 

of climate preserved in groundwater and associated 

mineral phases. Comparison to marine paleoclimate 

records and Global Climate Model predictions could 

provide invaluable insight to global warming effects 

on continental regions. 

 Water Resource Management: Determine factors 

affecting the availability and sustainability of deep 

sources of fresh water in fractured rock. Evaluate fac-

tors affecting the vulnerability of deep water sources 

to contamination from surface pollution. 

 Hydrologic Models and Methods: Evaluate and test 

the effi cacy of state-of-the-art groundwater dating 

methods, paleoclimate proxies, techniques for char-

acterizing the distribution of storage and transmission 

properties, and approaches for modeling fl ow and 

transport in large-scale fractured systems.

BASIC PROCESSES
 Paleohydrology: Determine how climate and  

groundwater recharge are coupled. Natural fl uctua-

tions in surface climate ranging over time scales of 

hundreds to millions of years can affect the ambient 

pressure, fl ow and composition of groundwater re-

charging a subvertical fracture system. 

 Paleoclimate: Delineate the Pleistocene record of 

climate preserved in groundwater with cosmogenic 

and stable isotopes, temperature, dissolved noble 

gas analyses, and analyses of minerals deposited in 

fractures. 

 Microbial Ecology: Evaluate processes affecting the 

transport of microbes from the shallow rhizozone to 

great depth, and evaluate the extent of subsurface 

colonization. 

 Hydrologic Cycle: Characterize surface recharge 

and deep fl ow components of the hydrologic cycle, 

leading to more effi cient potable water resource ex-

ploration and use.

 Hydrologic Properties: Evaluate the distribution and 

scaling of properties affecting the storage and trans-

mission of subsurface fl uids in fractured rock.

FACILITY DESIGN AND CONSTRUCTION
This project is designed to characterize ambient hydro-

logic conditions along fl ow paths and use those charac-

teristics with other geologic measurements to infer how 

conditions and processes evolved through time. The 

project will be conducted by instrumenting and moni-

toring two major sensor arrays, including: (A) a fracture 

zone that acts as a fl uid pathway from shallow depths 

to the lower reaches of the lab, and (B) an undisturbed 

region of shallow subsurface affected by recent re-



36

Heterogeneous
Rock

Layered
Sedimentary

Aquifer

Homogenou
Igneous Roc

Sensor-
Equipped
Boreholes

Fracture
Zone

2 km

1 km

Access
Tunnel

Fracture
ZoneNot to Scale

Meterological
Station

charge. Both parts of this facility should be completed 

and an initial set of data collected by the end of the 

second year. 

 

Details of the Fracture Zone Array

 Identify a continuous subvertical fracture zone being 

recharged from the surface using a combination of 

subsurface mapping, geophysical surveys, and geo-

chemical analyses. Identify or establish a network 

of tunnels in the vicinity of the fracture zone over a 

depth range of 1 to 2 km.

 Intersect the fracture zone with multiple boreholes 

from tunnels at several depths from 100 m down to 

2400 m.

 Obtain rock cores through the fracture zone using 

techniques designed to preserve the cores’ chemi-

cal, biological, and mechanical integrity to the 

greatest extent possible. 

 Log each borehole using a borehole camera and 

a suite of geophysical tools, including acoustic tele-

viewer, resistivity, gamma, and neutron techniques. 

Heterogeneous
Rock

Figure 13. The Deep Flow and Paleoclimate Lab-

oratory and Observatory. Deeply penetrating 

crustal fractures are typically located along 

reactivated fault zones or steeply dipping con-

tacts between two different rock types. A deeply 

penetrating fracture zone will be identifi ed us-

ing surface geophysical surveys and subsurface 

mapping. Surface and subsurface drilling will 

intersect the fracture zone at depths up to 2.4 

km. Cores of the fracture zone will be collected, 

cross-borehole tomography will be used to im-

age the fracture zone, and the fracture zone will 

be isolated using compression packers equipped 

with gas/fl uid samplers. 
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Progressively update the characterization with di-

rectional borehole radar, and seismic or resistivity 

tomography, as the boreholes become available. 

 Instrument the boreholes with arrays of sensors and 

sampling capabilities, including:

• Pressure transducers,

• Displacement transducers,

• Temperature probes, 

• Sealable ports for obtaining fl uids for chemical 

measurements,

• Accessible ports for placing retrievable biosub-

strates.

Details of the Shallow Recharge Array

 Identify a region where the subsurface is undisturbed 

from the ground surface to depths of approximately 

100 m. Use records to identify a region that is free 

from borings and mine workings if a mine is select-

ed for siting EarthLab, and use shallow geophysical 

methods to confi rm the absence of undocumented 

anthropogenic features. Identify or create one or 

more access tunnels at a depth of approximately 

100 m.

 Create an array of borings upward and laterally 

outward from the access tunnels. Obtain samples of 

rock and fl uid during and immediately after drilling. 

Rock and fl uid samples will be collected from the lat-

eral extents of EarthLab to provide three-dimensional 

mapping of isotopic tracers, basic fl uid chemistry, 

and physical properties. Conduct hydraulic and gas-

phase well tests, borehole geophysical logging, and 

cross-hole and borehole-surface geophysical imag-

ing tests. Combine the resulting data to characterize 

the three-dimensional subsurface geology, including 

structure, mineralogy/lithology, facies/depositional 

environments, thermal conductivity, and perme-

ability, to provide a baseline of subsurface physical 

factors controlling infi ltration and thermal aspects. 

Fractures will be mapped in detail to identify their 

effects.

 Instrument boreholes to monitor hydrologic condi-

tions as functions of time using both direct measure-

ments (pressure, temperature, displacement) and 

indirect geophysical imaging. 

 Create a network of stations overlying the instru-

mented regions to monitor conditions at the ground 

surface. Each station will be designed to monitor 

meteorologic conditions (e.g., precipitation, temper-

ature, barometric pressure, humidity, wind speed, so-

lar energy fl ux, moisture fl ux) along with parameters 

in the shallow (few m) subsurface (e.g., temperature, 

moisture, fl uid pressure). These data will establish the 

distribution of key parameters affecting the move-

ment of moisture at the ground surface as functions 

of space and time. 

 Conduct a set of systematic overfl ights to obtain re-

mote-sensing data used to estimate the distribution 

of ET, soil moisture, and other key variables affect-

ing the hydrologic cycle. Combine these data with 

results from monitoring at the ground surface and in 

the subsurface to refi ne methods for estimating re-

charge using remote sensing. 

 Evaluate hydrologic, chemical, and other subsur-

face measurements with respect to the geologic 

properties between the surface and the points of 

measurement. This correlation will permit an assess-

ment of the relative importance of geologic factors 

that alter these surface “signals” as they propagate 

through the subsurface.
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EXPERIMENTAL PROGRAM

Global Warming and Paleoclimate 

Analyze the chemical compositions of rocks and water 

and use the results to infer specifi c processes, including: 

 Measure the atmospheric noble gas concentrations, 

δ18O and δD of the groundwater to infer paleotem-

perature and precipitation. 

 Measure concentration of the cosmogenic isotopes, 

3H, 14C, 36Cl, and others to infer fl ow paths and ages 

of the groundwater.

 Combine the above two data sets to delineate 

changes in the climate with time. 

 Perform U-Th disequilibrium dating on any carbon-

ate fracture-fi lling minerals that may provide another 

record of Pleistocene climate changes that can be 

compared with the one above.

 Perform transition metal and isotopic analyses on 

carbonate minerals to document any changes in 

the groundwater redox state during these climate 

changes.

 Measure high-resolution (temporal and spatial) tem-

perature profi les in the subsurface for use in detailed 

paleoclimate reconstruction analyses (vertical sub-

surface temperature profi les record historical varia-

tions in surface temperature, with time scales of hun-

dreds of years in the past).

Microbial Ecology

 Characterize the microbial, eukaryotic, and viral 

communities on fracture surfaces, in rock pores, and 

in groundwater. Combine these results with data de-

scribing the distribution and transport of dissolved 

and colloidal compounds to infer the sources (e.g., 

the rhizozone or elsewhere) and colonization path-

ways of subsurface organisms. Other isotopic, chemi-

cal, biological, and colloidal signatures preserved in 

the groundwater may record chemical and biologi-

cal processes occurring in the rhizozone that have 

evolved through time in response to climate fl uctua-

tions.

 Monitor migration of soil microorganisms and soil 

constituents in fractures for seasonal fl uctuations. 

These measurements will be compared to seasonal 

variations in temperature and recharge, to evaluate 

possible correlations.

 Monitor migration, diversity, and metabolic activity 

of microbial communities over extended time peri-

ods.

 Take low-level 14C measurements to help discern or-

ganic carbon and microbial cells that originated in 

the soil zone.

 Install temperature probes with each fl uid pressure 

sensor to collect data that could be used to test ki-

lometer-scale coupling between groundwater fl ow 

and heat fl ow. 

Water Resource Management 

Both sensor arrays will provide a comprehensive four-

dimensional dataset of fl uid movements in the subsur-

face. These data will characterize the physical controls 

on groundwater fl ow as well as the fate and transport of 

both chemicals and microbes in the subsurface. These 

data will also characterize how much deep groundwa-

ter fl ow is from surface recharge and how much is from 

deep, large-scale through fl ow, and how fractures af-

fect groundwater, water chemistry, and microbiotic life 

in the hydrologic cycle. The shallow sensor array results 

will be compared to these physical data and baseline 

surface conditions to:
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 Determine the factors and processes that control 

the spatial and temporal redistribution of precipita-

tion. Account for water fl uxes such as precipitation, 

evapotranspiration, lateral fl ow across the land sur-

face or in the shallow subsurface, and fl uxes that 

ultimately become groundwater recharge. By com-

paring known surface topography, plant distribution, 

geology, and precipitation conditions at the surface 

to the amounts and distribution of recharge reach-

ing subsurface monitoring sensors in the shallowest 

tunnel (Figure 13), the effects of rock types, topog-

raphy, and other features can be isolated. Even in 

the dewatered portion of EarthLab, active infi ltration 

experiments such as this may be used to evaluate 

with higher resolution the preferential fl ow effects in 

the unsaturated subsurface. 

 Compare isotopic “fi ngerprints” between potential 

recharge areas and fl uids fl owing into different parts 

of EarthLab to help delineate the recharge area dis-

tribution and associated different fl ow paths. These 

“fi ngerprints” will also permit identifi cation of surface 

recharge versus deep through-fl ow in the system if 

isotopic measurements of precipitation are also col-

lected from distant recharge areas. 

 Use the network of pressure and displacement trans-

ducers to evaluate the magnitude and distribution of 

storage properties. The pumping regime used to de-

water EarthLab will be deliberately modifi ed and the 

resulting changes in fl uid pressure and displacement 

across fractures will be monitored using the sensor 

network. Storage and poro-elastic properties will be 

characterized using the resulting data. Three-dimen-

sional characterization at this scale has never been 

possible before. 

Hydrologic Models and Methods 

 Use measurements of pressure, temperature, and 

displacement as functions of time to evaluate the 

effects of Earth tides, barometric variations, seasonal 

variations in recharge, and other natural transients 

in the subsurface. Compare these measurements 

to geochemical and microbial analyses to evalu-

ate correlations and trends. Use data and other re-

sults of this program in tandem with data from other 

EarthLab experiments to maximize the information 

and avoid redundancy. This suite of measurements 

will also be used to evaluate transient effects related 

to operation of the EarthLab facility.

 Perform noble gas, pore gas, and aqueous geo-

chemical analyses of the rock adjacent to fractures 

to determine the age the fracture and the fl ux of for-

mation fl uid constituents from the rock matrix to the 

fracture fl uid. 

 Perform U-He and fi ssion track apatite analyses of 

cores and compare results to those determined for 

host formation far removed from this fracture zone. 

These data will be used to test coupled thermal and 

fl uid advection models. 

 Characterize the fi eld data describing the rates and 

patterns of water fl ux, and the fate and transport of 

chemicals and microbes, using state-of-the-art theo-

retical methods. Refi ne the methods, or develop new 

ones, to improve predictive capabilities.

 Take core-scale measurements using mini-permea-

meters to establish a quantitative relationship be-

tween permeability and scale. Take incrementally 

larger-scale measurements by designing and com-

pleting conventional fl ow and/or tracer tests be-

tween different areas of EarthLab, and by conduct-

ing pump tests induced in surface wells.
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GOALS
The goals of these experiments are to evaluate and re-

fi ne models of fracture initiation and propagation, rock 

mass deformation, fl uid fl ow, and transport of aqueous 

and gaseous species in the vicinity of induced fractures, 

and microbial activity proximal to them, and coloniza-

tion of fracture surfaces.

CRITICAL APPLICATIONS
 Resource Recovery: Improve the ability to predict 

the propagation and performance of induced frac-

tures during recovery of petroleum, gas, water, and 

geothermal energy.

 CO2 Sequestration: Advance capabilities to predict 

the effects of induced fractures during the seques-

tration of CO2 or other waste materials injected into 

the subsurface.

 Waste Isolation: Characterize potential roles of in-

duced fractures on the long-term isolation of nuclear 

waste and other hazardous materials stored in under-

ground repositories. 

 EarthLab Safety: Evaluate the effects of induced 

fractures on the safety of tunneling procedures 

and the operation of large underground openings 

planned for EarthLab.

BASIC PROCESSES
 Fracture Propagation: Evaluate conceptual and 

theoretical models of fracture propagation process-

es accompanying injection of fl uids into boreholes, 

excavation of openings in rock, heating of rock, or 

release of high-energy gas by propellants and explo-

sives. Investigate how fractures induced by different 

processes interact with natural geologic features, 

such as lithologic contacts, joints, or faults. 

 Fluid Flow Within Propagating Fractures: Evaluate 

the patterns and processes controlling fl uid fl ow 

within, and in the vicinity of, a propagating frac-

ture. Evaluate and refi ne current models of particle 

transport within fractures. Evaluate and refi ne current 

models for interpreting records of injection pressure 

to estimate fracture form or state of stress. 

 Effects on Well Performance: Characterize the trans-

port of fl uid and heat to or from induced fractures 

intersecting wells to optimize well-stimulation tech-

niques. 

 Pressure Solution: Evaluate stress-induced dissolution 

and transport processes where fracture walls col-

lapse during pressure solution. 

 Rock Mass: Evaluate and refi ne models for the infl u-

ence of discontinuities on rock mass deformation.

 Microbial Life: Examine how the induced fractures 

alter the fl ux of aqueous and gaseous species into 

fractures and how this altered fl ux affects microbial 

activity and growth. Determine the rates of microbial 

colonization of newly formed fracture surfaces, de-

termine how quickly fresh mineral surfaces age, and 

evaluate how microbial community structure evolves 

on new fracture surfaces. 

FACILITY DESIGN AND CONSTRUCTION
The state of stress plays a key role in rock deformation 

and the growth and performance of induced frac-

tures. For a variety of reasons, the ambient stress state 

changes markedly over the depth of the lab. The fa-

cilities developed for this experiment will be located at 

three levels to take advantage of the different states of 

stress. Induced fractures are expected to be horizontal 

at shallow depths in the lab, where horizontal compres-

sive stress exceeds vertical compression. A shallow ex-

INDUCED FRACTURE AND DEFORMATION PROCESSES LABORATORY
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perimental facility will be located in this region. Induced 

fractures are expected to be vertical in the lower reach-

es of EarthLab, where the vertical compressive stress 

exceeds the horizontal stress. A deep experimental fa-

cility will be located in this region. Another facility will be 

located at intermediate depths where horizontal and 

vertical stresses are equal. 

 Identify suitable tunnels at three different levels 

based on the state of stress, proximity to pre-existing 

fracture zones for interaction studies, and separation 

from existing workings. Blocks of rock several hundred 

meters on a side will be sought to minimize unwanted 

interference with mine workings. 

 Create a preliminary network of boreholes and con-

duct a suite of geologic, geophysical, and geome-

chanical tests to characterize the geology, distribu-

tion of fractures, mechanical properties, and state 

of stress. Conduct detailed simulations using state-of-

the-art codes to predict the propagation of induced 

Pre-Existing
Fracture Zone

Instrument
Strings

Cross-Hole
Imaging Sensors

Induced
Fracture

Figure 14. The Induced Fracture and 

Deformation Processes Laboratory. 

Facilities developed for this experiment 

will be located at three levels to take ad-

vantage of the different states of stress in 

EarthLab. Induced fractures are expected 

to be horizontal at shallow depths. A 

network of boreholes will contain pres-

sure and displacement transducers, tem-

perature sensors, fl ow meters, and fl uid 

sampling ports for monitoring fracture 

propagation. Additional sets of boreholes 

will be created perpendicular to the fi rst 

set and used for cross-borehole geo-

physical imaging. The instruments will 

be placed in those holes and then sealed 

with cement. Vertical sensor strings will 

intersect the induced fracture above and 

below it, and will be connected by wires 

and tubing and embedded in cement. An 

array of seismometers will also be used 

to monitor microseismicity accompanying 

fracture growth.
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fractures using the site characterization data. Apply 

the results of the simulations to the design of the ex-

periments. 

 Create a detailed network of boreholes containing 

instrumentation for monitoring fracture propagation. 

If necessary, the shallow facility will contain an ar-

ray of borings drilled vertically downward because 

they will be intersected by horizontally propagat-

ing fractures, whereas the deep facility will contain 

an array of horizontal borings designed to monitor 

growth of vertical fractures. The monitoring array at 

the intermediate level will be a hybrid of the other 

two. Boreholes will contain pressure and displace-

ment transducers, temperature sensors, fl ow meters 

and fl uid sampling ports distributed as an optimally 

located, three-dimensional array. 

Additional sets of boreholes will be created perpendicu-

lar to the fi rst set and used for cross-borehole geophysi-

cal imaging. Spacing between monitoring boreholes will 

range from less than one meter to more than several 

tens of meters depending on the details of the experi-

ment. An array of seismometers will also be used to mon-

itor microseismicity accompanying fracture growth. 

EXPERIMENTAL PROGRAM
Two major facets of these experiments will be explored, 

one evaluating the propagation of induced fractures 

and another involving effects of induced fractures on 

deformation, fl uid fl ow, geochemical fl ux, and microbial 

processes. 

Imaging fracture growth and the movement of fl uid 

in fractures will be conducted during all of the experi-

ments using seismic and electrical resistance tomogra-

phy, borehole radar, and other relevant techniques. The 

refi nement of these methods, and the development of 

new imaging techniques, will be critical to conducting 

the experiments, and advances in imaging in situ pro-

cesses in fractured rock will be an important ancillary 

contribution by this experimental program. 

Fracture Propagation

Hydraulic Fracturing

 Objective: Evaluate and refi ne existing theoretical 

models for processes related to hydraulic fracturing, 

including processes of fl uid and proppant transport 

within hydraulic fractures, interactions between hy-

draulic fractures and geologic features that affect 

fracture form, conditions at the tip of a propagating 

fracture at the fi eld scale, and methods for interpret-

ing pressure records to infer state of stress.

 Approach: Create fractures by injecting liquid at 

controlled rates. Sequentially mix different tracers 

(e.g., different colored proppants) with injected liq-

uid to track how the fracture is progressively fi lled dur-

ing propagation. Monitor transient displacements, 

pressures, fl ows, and temperatures in the propagat-

ing fracture and in the vicinity, particularly in fracture 

zones nearby. Use closely spaced monitoring points 

to characterize transient fl uid fl ows and displace-

ments at the fracture tip. Monitor seismic emissions 

that accompany fracturing and use geophysical 

imaging techniques to evaluate fracture growth. 

Repeat using different borehole designs, casing per-

forating methods and borehole orientations. 

  Drill and collect cores of the fracture to verify the 

monitoring data and refi ne monitoring techniques. 

Excavate critical regions in the vicinity of fracture 

and describe the location, aperture, and distribution 

of proppant or liquid tracers. Map relationships be-

tween the induced fracture and joints, faults, forma-
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tion contacts, and other geologic features. Conduct 

lab tests on cores and controlled in situ tests to refi ne 

characterization of mechanical properties and stress 

state in the vicinity of the exposed fracture. 

Propellants

 Objective: Refi ne models for coupled, high-velocity 

fl uid fl ow and dynamic propagation of large-scale 

fractures.

 Approach: Create fractures from boreholes using 

propellants or explosives. Monitor fracture propa-

gation and then excavate and describe the results 

using methods outlined above. The monitoring array 

used for this experiment will be sampled at a higher 

rate to characterize fractures that propagate at 

faster velocities than the other experiments. Repeat 

experiments using different propellant energies and 

borehole orientations. 

Tunneling

 Objective: Evaluate and refi ne models for designing 

and predicting the long-term stability of large under-

ground openings subjected to static and dynamic 

loads.

 Approach: Create an instrumented region and ad-

vance a tunnel through it to monitor fracturing ac-

companying tunneling. Identify paired areas where 

geologic conditions are similar adjacent to the 

tunnel, and in one area create controlled dynamic 

loads using explosives or mechanical actuators to 

simulate mining activities or the operation of heavy 

machinery. Limit the dynamic loads in the control 

area. Monitor displacements and fracture propa-

gation using instrumentation described above. 

Ultimately excavate and describe the fractures and 

geology and compare results from the paired re-

gions. The monitoring array used for this experiment 

will be more closely spaced to characterize fractures 

that are more localized than in the other experi-

ments. 

Thermal Fracturing

 Objective: Refi ne existing theoretical models for pre-

dicting the onset and extent of fracture growth and 

permeability changes caused by thermal fracturing. 

 Approach: Create fractures by increasing tempera-

tures using heaters in boreholes. Thermal loadings 

will consist of temperature changes of tens of oC to 

many hundreds of oC applied over several days to 

several years or longer. The monitoring and evalua-

tion phase is similar to that described above. 

Effects of Induced Fractures

Well Performance

 Objective: Refi ne models for characterizing and opti-

mizing the performance of induced fractures for well 

stimulation and waste sequestration. 

 Approach: Create a well with open interval in a re-

gion containing monitoring bores as outlined above. 

Use the well for one of several scenarios, including 

the injection or recovery of tracer-bearing water, ex-

change of heat during circulation, or the injection of 

CO2. Monitor fl uid migration and associated effects. 

Then, create a fracture in the well using methods 

outlined above (liquid injection or propellants), but 

avoid excavating. Explore the fracture by drilling 

boreholes and installing the instrumentation de-

scribed above. Repeat the well utilization tests and 

monitor fl uid properties in the boreholes to evaluate 

how the hydraulic fracture has affected the trans-
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port of fl uids to or from the well. Duplicate these tests 

at different locations and depths to evaluate effects 

of fracture orientation, interaction with geologic fea-

tures, and closure stress on well performance. 

Microbial Colonization

 Objective: Refi ne conceptual and theoretical mod-

els for geochemical fl uxes, microbial activity, and mi-

crobial colonization associated with fracture forma-

tion.

 Approach: These experiments can piggy-back on the 

fracture propagation experiments described above. 

Inject fl uid into a well to create new fracture surfac-

es. Several injection fl uids (e.g., inert gas, ambient 

groundwater) will be evaluated during preliminary 

tests to minimize changes in the biogeochemistry 

during the fracturing process. The fl uid will be spiked 

with marker microorganisms selected from the indig-

enous population and tagged with a viable stain. 

The monitoring wells will be used to observe changes 

in fl uid and gas chemistry, particularly redox-sensitive 

species such as H2 gas, that can be created during 

fracturing, and to detect the propagation of the 

marker microorganisms through the fracture. Using 

sterile coring methods, samples of the fracture will 

be acquired at different distances and time intervals 

after fracture formation to quantify rates of micro-

bial colonization and growth on the fracture surface. 

Fluid pressures, fl ow velocities, and temperatures will 

be monitored to evaluate coupling of geochemical 

and microbial variations with physical processes. By 

using multiple fl uorescent tags, several microorgan-

isms can be injected simultaneously to evaluate the 

effect of organism specifi c properties, such as size, 

physiology, and adhesion properties, to rates of colo-

nization and growth within newly formed fractures. 

Pressure Solution 

 Objective: Evaluate and refi ne theories for pressure 

solution.

 Approach: This experiment can be piggy-backed 

on previous experiments. It represents a longer time 

frame observational program to be conducted over 

multiple years following the fi rst fracturing experi-

ment and monitoring of near-term biogeochemical 

responses. High-resolution displacement and pres-

sure transducers will be installed into the boreholes 

containing the preexisting fl uid sampling ports. Fluid 

will be circulated between boreholes to estimate 

fracture transmissivity. Displacement and transmissiv-

ity will be monitored as functions of time for evidence 

of pressure solution. Cores will be obtained after dis-

placements have been observed. The experiment 

will be repeated at different depths and tempera-

ture using different in situ rock types, fracture orienta-

tions, and stress magnitudes. 

Rock Deformation 

 Objective: Evaluate and characterize the infl uence 

of discontinuities on rock mass deformation.

 Approach: This experiment can be piggy-backed on 

previous experiments. Characterization of rock mass 

behavior will be a critical component in understand-

ing and evaluating the results of the other experi-

ments. Displacement measurements and changes 

in stress will be made in the experimental areas. 

Collected cores will be used to determine intrinsic 

rock properties.
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DEEP COUPLED PROCESSES LABORATORY
GOALS

The general goal of this laboratory program is to charac-

terize the coupled processes that affect critical environ-

mental engineering applications and to advance our 

understanding of complex, subsurface Earth processes. 

This underground laboratory will develop and validate 

a fully coupled model of subsurface fl ow processes, 

including the fate and transport of solutes, gases, and 

microorganisms in fractured rock environments under a 

range of ambient temperatures and stresses. The effect 

of fracture formation on these coupled processes will 

be examined in the Induced Fracture and Deformation 

Processes Laboratory.

 

CRITICAL APPLICATIONS
 CO2 Sequestration: Determine the effects of coupled 

mechanical, chemical, and microbial processes on 

the transport and storage of CO2 in fractured rocks.

 Microbes and Contaminants: Determine the effects 

of microbial oxidation or reduction on the chemical 

form and mobility of toxic metal and radionuclide 

analogs.

 Resource Recovery: Determine the effects of cou-

pled processes on the recovery of resources, such as 

water, precious metals, petroleum, natural gas, and 

geothermal energy.

 Environmental Geochemistry: Measure the in situ ki-

netics of acid mine drainage (AMD) generation, de-

termine the infl uence of microbial communities on 

AMD processes, monitor surface alteration of sulfi de 

minerals including formation of secondary phases, 

and monitor changes in AMD solution composition 

including release and transport of toxic elements 

(e.g., As, Se) or precipitation of secondary minerals.

BASIC PROCESSES
 Ambient Processes: Evaluate how coupled process-

es occur under natural conditions, how they vary 

with depth, and how they can be scaled to improve 

our basic understanding of Earth systems. 

 Chemical Fate and Transport: Determine how cou-

pled processes affect the dissolution, deposition, and 

transport of compounds in water. 

 Multiphase Fate and Transport: Evaluate details of 

multiphase fl ow in fractures and how such fl ows are 

affected by other processes.

 Microbial Colonization, Growth, Predation, and 

Transport: Determine the fate and transport process-

es associated with biogeochemical cycling and the 

microbial ecology of fractures. 

FACILITY DESIGN AND CONSTRUCTION
The design and construction of the Deep Coupled 

Processes Laboratory will require approximately two 

years to complete and entails the following activities. 

 Use site characterization data to identify accessible, 

sub-horizontal fractures at varying depths (e.g., ~100, 

~500, ~1500, and ~2400 m) and temperatures (e.g., 

from 10 to 50o C). 

 Install borehole and heater arrays, that intersect 

fracture zones and span ~50 m vertical transport dis-

tance. 

 Acquire cores of the fracture zones for characteriza-

tion of the sessile microbial communities, fracture ge-

ometry, surface mineralogy, petrophysical properties 

and surface charge. 

 Install multi-level samplers in the boreholes that target 

specifi c fractures based on core analyses. Attach 

multi-level samplers to autosamplers for water col-

lection and sensors for monitoring water chemistry. 
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Figure 15. The Deep Coupled Processes 

Laboratory. Four experimental arrays 

will be established at different depths 

and within the same heterogeneous 

rock formation. Subhorizontal fractures 

will be intersected by an array of ~20 

boreholes. Cross-borehole geophysical 

tomography and multiple tracer tests 

will be used to characterize the hy-

drologic structure of the fracture zone. 

Based upon this analysis, injection and 

heating experiments will be modeled to 

optimize experimental design. Liquid 

or particulate injections may occur at 

top of array, whereas gas injection, for 

example, CO
2
, could occur at the bot-

tom of the array to monitor leakage. 

Hydraulic gradients can be imposed 

upon the fracture as can varying de-

grees of water saturation. 

Fracture Surface
50m

Injectate from
Middle Borehole

Pump to
Impose

Gradient

3 m

Access
Tunnel
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Multi-level samplers will be removable so that solid 

substrates or model microbial communities can be 

inserted into the fracture environment. 

 Inject a variety of geophysical and geochemical 

detectors, such as micro-electromechanical sys-

tems (MEMS), into the borehole arrays in these ex-

periments.  Data loggers will collect data in real-time 

for concurrent analyses of chemical and microbial 

transport and conversion rates. 

 Conduct pump tests, petrophysical analyses, geo-

physical tomography, and tracer tests to character-

ize the three-dimensional hydraulic structure of the 

fracture zones. 

 

EXPERIMENTAL PROGRAM
The results from hydraulic testing of the fractures will al-

ready provide insight relating these properties to ambi-

ent stress, temperature, and petrophysical properties as 

well as enhance geophysical techniques for character-

izing the hydrogeologic properties of fractures. Some 

experiments that could be performed using these instru-

mented fractures may last a year and include:

 CO2 Sequestration: Isotopically labeled CO2 gas will 

be injected at the base of a fracture array experi-

ments in forced or natural hydraulic gradient modes. 

The upward migration of the CO2 will be monitored 

along with changes in fl uid chemistry and microbi-

ology. Cross-borehole tomography will be used to 
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image changes in the water/gas values during the 

course of experiments. The results of this fi rst experi-

ment will be used to design subsequent experiments 

that would enhance CO2 sequestration.

 Microbes and Contaminants: Radionuclide or toxic 

metal analogs will be injected into the fracture along 

with conservative and reactive tracers. Its rate of 

migration will be monitored from analyses of water 

samples. Static and dynamic self-potential measure-

ments will also be used to monitor changes in ionic 

strength, fracture surface charge, and streaming po-

tential during the course of the experiment Evaluate 

applications for inverting self-potential measure-

ments to characterize the pattern and magnitudes 

of fl uid fl ow. The results of this experiment may lead 

to follow-up experiments in which the geochemical 

or microbial conditions for different parts of the frac-

tures are altered during the course of the transport 

experiment. Co-injection of select microorganisms 

with toxic metal analogs will examine the effect of 

metal binding to the microorganisms on metal trans-

port rates. 

 Microbial Colonization, Growth, Predation, and 

Transport: Alter the aqueous and gas chemistry 

of the fracture system by injection of isotopically 

tagged electron donors, acceptors, shuttles, and 

gas phases. Determine in situ transformation rates 

for these substances from stable isotope analyses 

and microbial cells using compound-specifi c isotope 

approaches (CSIA), ion probe mass spectrometry 

(SIMS), radioisotopes (3H, 14C, and 35S) and fl uores-

cent in situ hybridization of the 16S rRNA (FISH) to 

relate geochemical reactions to microbial commu-

nity structure and growth rates. The borehole array 

is extensive enough to spatially separate different 

types of amendments and a no amendment control 

from each other. These include inserting isotopically 

spiked, artifi cial mineral substrate coupons into the 

fracture system, removing them at specifi c time inter-

vals, and analyzing the microbial colonies by a com-

bination of FISH, microautoradiography, and SIMS. 

 Resource Recovery: Precious metals are often to 

inaccessible for economic recovery by standard 

mining. Experiments that inject sulfi de-oxidizing mi-

croorganisms into the fracture zone will be used to 

test in situ bio-leaching technologies in the ultradeep 

environment. 
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SUBSURFACE BIOLOGICAL RESOURCE 
EXPLORATION AND DEVELOPMENT

Subsurface biological resources include new microor-

ganisms with novel biological capabilities and microbial 

products with potential applications in pharmaceuticals 

(e.g., antimicrobial agents), feedstock chemicals (e.g., 

chiral synthesis), bioremediation of industrial waste, in-

dustrial processing, and nanotechnology. The explora-

tion and development of this resource will provide op-

portunities for comparative genomics/proteomics and 

will lead to new insights into the mechanisms of prokary-

otic and eukaryotic development and new technolo-

gies designed to detect and quantify these processes. 

Some subsurface environments may offer greater 

biological potential than others, but unlike oil explora-

tion, subsurface biological exploration currently has no 

guiding scientifi c principles. During its construction and 

through its experiments, EarthLab will lay the groundwork 

for subsurface biological resource exploration using the 

following approaches: (1) a high-throughput, micro-gel 

enrichment procedure for growing hard-to-grow sub-

surface isolates, (2) in situ enrichment and enzymatic 

assays, (3) analyses of the environment for enzyme-spe-

cifi c genes, and (4) screening of samples for proteins or 

extremozymes of potential value. 

As EarthLab builds relationships between subterra-

nean environments and the enzymes expressed by its 

microbial inhabitants, borehole geophysical tools nor-

mally used for hydrocarbon exploration will be modifi ed 

to identify those environments with greatest biological 

resource yield. 

CO2 SEQUESTRATION
Modern society’s energy needs produce a vast array 

of wastes, including tremendous amounts of CO2, NOx, 

SOx, and Hg from coal and/or gas-fi red power plants, 

and long-lived fi ssion products from nuclear power 

plants. Increasing levels of “greenhouse gases” in the 

atmosphere, especially CO2, are often cited as the most 

likely cause of global warming. At this time, the burning 

of fossil fuels provides about 85% of the world’s energy. In 

the United States, approximately 90% of greenhouse gas 

emissions are due to energy production, and most of 

these come from the burning of fossil fuels. Although the 

development of more effi cient and alternative energy 

systems may lead to reductions in emissions, the burn-

ing of fossil fuels will continue to provide a considerable 

proportion of the nation’s energy well into the next cen-

tury. One strategy for reducing emissions of greenhouse 

gases to the atmosphere is to capture CO2 from power 

plant fl ue gases and sequester it below Earth’s surface, 

either on land or in the oceans.

Many questions remain regarding specifi c methods of 

sequestration and their relative effectiveness. For exam-

ple, how will CO2 interact chemically and mechanically 

with fl uids (brine, oil, etc.) and rock units in deep aquifers 

or petroleum reservoirs? Under what conditions will CO2 

displace existing fl uids? How will CO2 react with existing 

rock, and can rock-fl uid-CO2 interactions be assessed at 

temperatures and time scales (hundreds to thousands 

of years) of interest? Other issues are common to both 

hydrocarbon retrieval and CO2 sequestration and con-

cern uncertainties geological response over long time 

periods in complicated mechanical, hydrological, and 

chemical environments. For example, what rock types 

and material properties (permeability, porosity, connec-

tivity, fl uid saturation) make a good sequestration site? 

SCIENTIFIC AND ENGINEERING INNOVATION
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Can these properties be identifi ed remotely by geo-

physical techniques such as seismic, electromagnetic, 

or other imaging techniques? Can these techniques 

identify rapid-fl ow pathways that could compromise the 

integrity of sequestration sites? Although the petroleum 

industry has considerable experience with oil and gas 

fi elds, much less is known about the geologic, thermal, 

and fl uid properties of deep aquifers. 

EarthLab will be an ideal location for fi eld testing 

different sequestration strategies, including evaluating 

rates of CO2 leakage and conversion to bicarbonate 

and carbonate, and the impact on subsurface micro-

bial ecosystems and the physical properties of the rock. 

For example, a specifi c sequestration site aquifer(s) 

at depth below, adjacent to, or between tunnels of 

EarthLab may be identifi ed using high-resolution im-

aging techniques and other methods, as described in 

other sections of this report. A high-storage-capacity 

(high porosity and permeability) site with adjacent seal-

ing units such as shales, typical of such sites chosen near 

power plants, will be sought. Carefully engineered and 

controlled CO2 injection testing may then be performed 

with pressure and strain sensors installed to evaluate es-

timated storage integrity of the site(s). Post-test coring 

may be used to evaluate reactive transport processes, 

and subsequent computer modeling may be calibrated 

using these results. Methods for measuring these pro-

cesses in situ must be developed at a facility such as 

EarthLab, which permits the type of closely spaced, real-

time observations that are needed. 

INSTRUMENTATION FOR 
MONITORING AND MAPPING IN 

EXTREME ENVIRONMENTS
Geochemical research in an underground labora-

tory will encourage development of fi eld-deployable, 

long-term, remote-monitoring instruments using micro-

electromechanical systems (MEMS). Instruments of this 

type are badly needed to provide information on geo-

chemical processes at spatial and temporal scales that 

will permit us to understand active rock-water interac-

tion from both equilibrium and kinetic perspectives. The 

greatest challenge for instrumentation of this type is to 

fi nd ways to make measurements on a continuing basis 

without disturbing the chemical environment. 

A second instrumentation frontier for research relates 

to underground mine mapping. As our exploitation of 

natural resources continues, we will fi nd it necessary to 

mine deposits at greater depths, usually by underground 

methods. Data collection in these environments will re-

quire laser-based systems using data capture software, 

Potential for Scientifi c
and Engineering Innovation

EarthLab will generate technological innovations 

in many areas as a result of deep subsurface sci-

entifi c and engineering studies, including:

 Genetic materials, novel microorganisms, and 

biotechnology applications

 Analytical techniques for geomicrobiology 

and exobiology

 Environmental remediation

 Subsurface imaging

 Drilling and excavation technology

 Natural resource recovery

 Mine safety



50

which need to be tested in the underground science 

laboratory (Figure 16). These systems must function un-

der extreme physical conditions over a broad spectrum 

of geological environments, including above ground, 

underground, and airborne platforms. Relatively few 

universities currently provide training in mining geology 

and the on-site training once routinely provided by cor-

porations for their technical staff is becoming a rarity. 

Justifi cation for this approach lies in improving and ex-

panding the technical workforce productivity through 

advancing the quality, effi ciency, and uniformity in sci-

entifi c and technical standards of mine mapping and 

related activities. 

Some of the experimental work at EarthLab will focus 

on the development and application of inexpensive 

and miniaturized sensors capable of widespread de-

ployment and distribution, and capable of reporting 

reliably at high sampling rates and for long durations. 

These signals will provide a wealth of data applicable to 

bioremediation, exploration and geologic engineering, 

and other applications. Thus, EarthLab can serve as a 

test bed for new sensor technologies in extreme environ-

ments.

ROCK ENGINEERING
Access to extreme depths in rock for long time periods 

provides an opportunity to improve rock engineering 

practice, such as the long-term (100 yrs ±) structural 

support of rock masses. The long-term effectiveness of 

rock bolts, durable linings, and shotcrete currently are 

poorly defi ned. As a result, even though rockbolts and 

shotcrete are commonly used as initial support for un-

derground excavations in rock, their potential contribu-

tions to the long-term strength of reinforced concrete 

linings are commonly neglected in design. It is important 

to understand the mechanisms that contribute to loss of 

support over time, such as corrosion of rock bolts and 

steel fi bers in fi ber-reinforced concrete, the loss of keying 

in a blast-damaged zone, and the potential buildup of 

fl uid overpressures as drainage conduits degrade over 

time. By testing a variety of support methods (e.g., bolts, 

anchors, cables, mesh, and shotcrete) in a range of 

confi gurations in new tunnels and caverns adjacent to 

an underground facility, both their short-term and long-

term effectiveness can be monitored. 

Figure 16. Geologist using a real-time digital 

mapping system in a mine. By combining 

stylus input on a PC pen tablet with a LIDAR 

range fi nder that locates features out to 300 

m, mapped geology is displayed instantly on 

the computer screen in 3-D coordinates. Pen 

tablet computers can also support real-time 

spectrometry to identify minerals remotely. 

Photo courtesy of George Brimhall, University 

of California, Berkeley.

EarthLab can serve as a test bed for new

               sensor technologies in extreme environments.



51

The evaluation of subsurface coupled processes 

under long-term stress change, moisture removal, 

chemical/mineral redistribution, and thermal transfer 

can lead to more effective design and reliable assess-

ment of long-term stability of underground structures. 

All experiments will be preceded by predictions using 

numerical simulation models of coupled processes in 

fractured, lithologically heterogeneous rock at a range 

of spatial scales. Comparison between model predic-

tions and outcomes of experiments will provide insight 

into our understanding of process-feedbacks of varying 

complexity, and the scale-dependence of behavior at 

scales not possible in the laboratory. 

REMEDIATION OF CONTAMINATED 
GROUNDWATER

Detailed studies of storage properties, leaching, and 

contaminant transport may be carried out using geo-

chemical tomographic techniques, including controlled 

tracer tests and verifi cation studies. By inducing hydrau-

lic and geochemical signals through an engineered 

rock mass within EarthLab, then measuring these signals 

at the boundaries of the rock mass (e.g., between tun-

nels), we can test our ability to predict the fl ux of water 

and solutes through the rock mass. Potential signals to 

record include: (1) hydraulic waves, (2) injected tracers 

(benign solutes dissolved in water), and (3) environmen-

tal tracers (solutes that are present in precipitation due 

to either natural or anthropogenic processes.) EarthLab 

will be uniquely suited for such research because the 

boundaries of the rock mass could be accessed in three 

dimensions without perturbing the engineered structure 

of the rock mass.

WELL TEST VERIFICATION STUDIES
Well testing is a fundamental tool for characterizing the 

subsurface, but advances in well testing techniques are 

currently limited by the lack of facilities to verify new 

methods. EarthLab’s controlled environment, combined 

with a well-characterized geological setting obtained 

during tunnel and workroom development, provides an 

ideal location to develop a verifi cation facility.

The approach for creating a well testing verifi ca-

tion facility is to identify a relatively undisturbed region 

and characterize it in detail using a closely spaced ar-

ray of boreholes drilled from the underground access. 

Characterization will be done using cores, borehole 

logs, hydraulic tests, and tracer tests. The borings will be 

sealed to prevent them from infl uencing the character-

istics of the site. The dataset will be assembled to provide 

a detailed, comprehensive characterization of the re-

gion in three dimensions.

One or more wells will then be drilled into this highly 

characterized region. Well tests will be conducted in 

those wells using advanced geophysical and hydraulic 

methods, and the results will be interpreted using state-

of-the-art algorithms. The results of the interpretations 

will be compared to the 3-D control data set to evalu-

ate the effectiveness of the well testing technique. The 

comparison will highlight shortcomings in the well testing 

methods, which will inspire refi nement in current tech-

niques and the development of new ones.

The improvements made possible by this facility will 

have applications in all subsurface investigations, and 

will be particularly important to the development of pe-

troleum and natural gas reservoirs, the use of aquifers, 

the safe injection of hazardous wastes into wells, the se-

questration of carbon dioxide in deep geologic settings, 

and other applications critical to society.
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EDUCATION AND OUTREACH

EarthLab will affect a large segment of the public, rang-

ing from students at every level to the general commu-

nity. Educational and Outreach (E&O) activities will en-

gage, recruit, and retain the next generation of science 

and engineering professionals. EarthLab will enlighten 

and provide materials for our educators, community 

offi cials, and legislators and will educate and involve 

the public in the world of astrophysics, the search for life 

in the universe, and an underground journey back into 

geological time. Public tours will reveal the relationships 

between complex geology and life at various depths 

and show the deepest physics experiments in action. 

EarthLab will include the necessary infrastructure to 

move both large and small groups of people depending 

on the educational or outreach program (e.g., school 

fi eld trips or undergraduate summer research opportuni-

ties). 

EarthLab educational programs will involve K-12 to 

graduate students to post graduates to senior scientists, 

and K-12 teachers from international, national, regional, 

and local institutions in a unique multidisciplinary venue. 

A variety of outreach programs are being considered:

1. Hold secondary school workshops focusing on local 

schools, and develop real-time instruction aides that 

can be disseminated over the Internet for regional 

schools, including lesson plans for K-12. 

2. Hold secondary school teacher training workshops 

focusing on local schools, which are supplied with 

educational aides and video tours of excursions.

3. Deploy experiments designed by local and regional 

high school students that can be monitored in real 

time through the Internet. Local science and engi-

neering fairs provide an ideal venue for organizing 

student participation and the mentoring experience 

by their teachers. Experiments could include:

a. Microbiological. Insert media-bearing car-

tridges designed by the students into boreholes 

along with pH, Eh, and O2 sensors connected 

to short-term memory storage at the borehole 

head, which can be periodically downloaded 

through the Internet. The media cartridges can 

be removed for analyses at the high school or 

for electron microscopic observations. Images 

would be displayed in real time on the Internet. 

b. Geophysical and rock mechanics. Observe and 

interpret seismic data generated by excavations 

and hydrofracturing experiments or tomograph-

ic data in cross-borehole CO2 gas sequestration 

or biostimulation experiments.

c. Geological. Map underground with infra-red 

and laser equipment. 

d. Hydrologic. Collect and measure samples dur-

ing fracture transport experiment where stu-

dents could monitor and model the progress of 

a plume over a period of a semester. 

4. Conduct a summer fi eld research institute that trains 

local, national, and international college students 

and senior scientists. It will be modeled after the 

summer program of the Marine Biological Lab at 

Woods Hole and the recent minority educational 

workshops and REU held in South Africa (http://

geomicro.utk.edu/). The summer institute will also 

offer an underground mapping component for sum-

mer geology fi eld mapping courses. 



53

5. Host an REU site at EarthLab that targets underrepre-

sented students. Coordinate the EarthLab REU with 

the NSF-REU site for South Africa so that students will 

have an opportunity to attend both. The REU site will 

provide an interdisciplinary summer research experi-

ence for undergraduates that includes underground 

excursions coordinated with conducting research 

into biogeochemical processes in the subsurface 

environments. 

6. Target minority communities at the secondary school 

and college level, and internship, undergraduate, 

graduate, post-masters, and postdoctoral pro-

grams.

Figure 17. Above: One of two groups, consisting of United States and 

South African workshop participants (undergraduate students, techni-

cians, and mentors), are ready to go into the South African gold mine. 

Courtesy of a U.S. mentor, Mary DeFlaun, GeoSyntec.

Right: As part of the NSF-funded Life in Extreme Environments and 

Biotechological Applications Workshop, undergraduate students from 

the United States and South Africa collected fi ssure water and biofi lm 

samples for laboratory analyses. Courtesy of a U.S. mentor, Mary 

DeFlaun, GeoSyntec.

7. Encourage undergraduate and graduate students 

funded through NSF’s IGERT Program, for example, at 

Oregon State University and Portland State University 

(Subsurface Biosphere Interdisciplinary Doctoral 

Program), to conduct research at EarthLab. 

8. Host visiting scientists intent on performing under-

ground experiments, and conferences for societies 

such as the ISSM (International Society for Subsurface 

Microbiology) and the ISE (International Society for 

Extremophiles), and others. 
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A large number of individuals and groups developed 

and nurtured the EarthLab concept. EarthLab is unique 

among other similar initiatives because its defi nition and 

goals are truly interdisciplinary, and are the result of col-

laboration among biologists, geologists, physicists, and 

engineers. All phases of decision-making and implemen-

tation at EarthLab, including project planning, data col-

lection, data management, and project review, will be 

closely coordinated with input from all groups. Research 

at EarthLab will require multidisciplinary, collaborative 

proposals, including multi-institutional funding arrange-

ments. An information management infrastructure will 

be developed to meet EarthLab’s data needs, and will 

take advantage of ongoing efforts in the areas of geo-

informatics and Earth data systems, linking and incorpo-

rating multidisciplinary data resources that extend far 

beyond the data resulting from EarthLab research.

Many different management structures are possible 

for EarthLab. The research community as a whole will 

work with the NSF and other agencies to develop the 

most appropriate management mechanism to optimize 

EarthLab and its proposed programs. 

NATIONAL AND INTERNATIONAL 
PARTNERSHIPS

EarthLab is a national deep Earth observatory and labo-

ratory program, with the lead agency role to be carried 

out by the National Science Foundation, along with fed-

eral agencies and other national and private groups. 

Partnerships are forming among state and federal 

agencies, as well as other research projects and con-

sortia such as NCAR, EarthScope, IRIS, and CUAHSI. All 

MANAGEMENT AND PARTNERSHIPS

partners are interested in the fundamental science and 

engineering objectives that can only be carried out in 

the deep subsurface.

Physicists and Earth Scientists: 

A Synergistic and Symbiotic Partnership

The EarthLab concept is not new, but the extremely 

strong and synergistic partnership between the particle 

physics community and the Earth science community is 

recent. To take advantage of economies-of-scale and 

complementary goals, EarthLab will be constructed in 

the same underground site as the proposed physics fa-

cilities discussed during the NeSS 2002 conference held 

in Washington, D.C. Following the conference, plans for 

EarthLab, including development of this report, were 

made in concert with the physics community. One of 

the unknown but interesting aspects of the geoscience/

physics partnership will be the consequences of daily in-

teractions between physicists and Earth scientists. 

A principal area in which Earth science and physics 

goals overlap is the extent of the underground excava-

tions required. The physics community proposes a large 

proton decay detector requiring a cavity that is 60 m 

by 60 m by 180 m. The preferred depth for this facility 

approaches ~1.5 km (5000 ft), consistent with several 

EarthLab requirements. The cavity would be fi lled with 

a half megaton of water and instrumented with walls 

of photomultiplier tubes. A variation of this experiment 

proposed for a deeper level (2.1 km, or 6900 ft) requires 

10 upright cylindrical cavities, each 50 m in diameter 

and 50 m in height, positioned along the circumference 

of a 250 m radius circle. To our knowledge these would 

be the largest deep underground excavations yet at-

tempted. Deep excavations are needed for EarthLab’s 

Ultradeep Life and Biogeochemistry Observatory. 
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The rock mechanics/engineering community in-

volved in developing this report has already played an 

important role in these physics proposals, using two-di-

mensional and three-dimensional models to assess the 

stability of the proposed excavations as a function of 

depth and rock formation. These excavations for the 

physics experiments as well as new underground exca-

vations for Earth science efforts will be carefully instru-

mented after construction permitting rock mechanics 

modelers to examine and test their results. This validation 

process will also be extremely valuable to the physics 

community by providing calibrated baselines for future 

large excavations, some of which will be done at depths 

of 2.25 km (7400 ft) or more.

As discussed during NeSS 2002, the physics and ap-

plied science communities propose to develop the 

world’s most sophisticated low-level counting facility. 

It will include high-purity germanium detector arrays, 

counting systems with high position sensitivity. The facili-

ty’s staff scientists will continue to develop new counting 

methods as experimental demands increase. The re-

quired surface laboratory will include chemistry facilities 

for purifying and processing samples from neutron ac-

tivation, before below-ground counting. Earth science 

has many of its own counting needs, ranging from tracer 

analysis to dating. The physics counting facility will be 

shared by all EarthLab scientists and will also be open to 

users from the community.

Interest in ascertaining the responses of biological 

systems to very low levels of radiation has been ex-

pressed: is the response characterized by a threshold, 

or is it linear for small doses? This question creates a pos-

sible area of collaboration between EarthLab geomicro-

biologists and physicists. The physicists will characterize 

the cosmic rays from surface to 2.44 km (8000 ft)—fl ux, 

spectrum (which hardens substantially with depth), and 

the secondaries produced from interactions in rock. 

Conceivably this could allow geomicrobiologists, using 

the indigenous microbial communities in the subsurface, 

to investigate whether there is evidence for cosmic ray 

radiation infl uences on microbial life and, if so, how it 

tracks with depth/dose.

Partnerships with

Other Underground Laboratories

EarthLab activities and environment will be selected to 

complement those of other underground laboratories 

worldwide (Table 1). Underground laboratories, includ-

ing the Waste Isolation Plant in New Mexico (see p. 23), 

the URL in Canada, and the Soudan Mine in Minnesota 

(see p. 15) are candidate sites for EarthLab, as detailed 

earlier in this report. EarthLab will be distinct from these 

laboratories in reaching signifi cantly greater depths and 

in containing a wider range of rock types and hydrolog-

ic environments. EarthLab will permit evaluation of the 

signifi cance of heterogeneity on subsurface processes 

by comparing its results with those of other laboratories. 

Most of these laboratories focus their research on 

the transport, rock mechanics, and biogeochemical 

processes associated with the storage of high-level nu-

clear waste. As a result, facilities such as the Aspo Hard 

Rock Laboratory in Sweden, the Whiteshell Underground 

Research Laboratory in Canada, and the proposed 

Mizunami Underground Research Laboratory in Japan 

are sited in water-saturated, homogeneous granite with 

maximum depths of ~ 500 m. The Meuse/Haute Marne 

underground laboratory in France also focuses on radio-

active waste storage processes, but is located in water-

saturated shales at ~500 m depth. 
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Partnering with other operating underground labo-

ratories is critical to maximize EarthLab research results 

as well as results coming from these other underground 

labs, and to eliminate any possible redundancy. Close 

coordination with the new International Facility for 

Underground Science that has just recently received 

funding from the Canadian government, and that will 

be located at their Sudbury Neutrino Observatory (SNO) 

in Canada, is one example. The photomultiplier arrays 

in large particle detectors at SNO respond to seismic 

activity by producing false signals. By obtaining data 

from EarthLab’s seismometers that are accurately time-

stamped, they could calibrate instrument response as a 

function of the strength of the disturbance and to help 

with rejection of false events. Physicists, in turn, can use 

timing information obtained from SNO and other labs to 

characterize and also reject false events. 

Currently, the only underground experimental facil-

ity is operated by U.S. DOE at Yucca Mountain, Nevada 

and comprises a tunnel located in dry, welded tuff at 

300 m depth. DOE also supports the Subsurface Science 

Initiative (SSI) at the Idaho National Engineering and 

Environmental Laboratory (INEEL), which focuses collab-

orative, interdisciplinary, and multi-institutional research 

to enhance the scientifi c and engineering underpin-

nings of DOE’s environmental remediation programs. 

The SSI is currently constructing a highly controlled, me-

soscale surface experimental facility and a vadose zone 

research program but it has no underground laboratory. 

Active collaboration between EarthLab and INEEL SSI 

will potentially provide opportunities for the fi eld results 

derived from EarthLab experimental facilities to be used 

in mesoscale experiments at INEEL SSI to test DOE rel-

evant processes and vice versa. 

Table 1: Worldwide Underground Research Laboratories for the Earth Sciences

Lab Host Rock and Depth Location

Aspo Hard Rock Laboratory Homogeneous granite, 0-450 m Sweden

Whiteshell Underground 
Research Laboratory

Homogeneous granite, 240-420 m Canada

International Facility for 
Underground Science

Deformed gabbro, 100-1600 m Initiative just funded to be located at 
Sudbury Neutrino Observatory, Canada

Meuse/ Haute Marne Shale, 450-500 m France

Mizunami Underground 
Research Laboratory

Homogeneous Granite, depth not 
determined

Exploratory drilling underway Japan

Grimsel Underground 
Research Laboratory

Granite, 450 m Switzerland

Exploratory Studies Facility One tunnel in welded tuff, 300 m
(vadose)

Yucca Mountain, USA

EarthLab Heterogeneous rock strata, 0-2400 m
(vadose+saturated)

USA
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FURTHER READING

ACID MINE DRAINAGE
 http://geology.er.usgs.gov/eastern/environment/drainage.html

 http://www.dep.state.pa.us/dep/deputate/minres/bamr/amd/science_of_amd.htm

 http://www.epa.gov/region3/acidifi cation/what_is_amd.htm

DEEP LIFE
 Fredrickson, J.K. and Onstott, T.C., 1996, Microbes deep inside the Earth, Scientifi c American, 275 (4), 68-73.

 Nealson, K. and W.A. Ghiorse, 2001, Geobiology – A report from the American Academy of Microbiology, 

American Academy of Microbiology, Washington, D.C., 16 pp.

GROUNDWATER RESOURCES AND QUALITY 
 http://webserver.cr.usgs.gov/trace/arsenic

 http://www.epa.gov/mercury

 http://water.usgs.gov

MINERAL RESOURCES
 http://minerals.usgs.gov

 http://mrdata.usgs.gov

NUCLEAR WASTE DISPOSAL
 http://www.nrc.gov/waste/hlw-disposal.html

 http://www.em.doe.gov/em30/wastdisp.html

ROCK DEFORMATION AND FLUID FLOW
 ANDRA Underground Research Laboratory (http://www.andra.fr/eng/labo/index.htm) 

 Atomic Energy of Canada’s Underground Research Laboratory (http://www.liv.ac.uk/seismic/research/url/

url.html)

 National Research Council, 1996, Rock Fractures and Fluid Flow: Contemporary Understanding and Applications, 

National Academy Press, Washington, D.C., 551 pp. (http://www.nap.edu/books/0309049962/html/R1.html)

 Pettitt, W.S., C. Baker, R. P. Young, L.-O. Dahlstrom, and G. Ramqvist, 2002, The assessment of damage around criti-

cal engineering structures using induced seismicity, Pure and Applied Geophysics, 159, 179-195.

 Young, R. Paul, 1993, Seismic methods applied to rock mechanics, ISRM News Journal, 1 (2), 4-18.
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