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FORWARD

Geosciences Models — Where are the Rocks? is the twentieth in a series of Geosciences Research
Program Symposia dating from 1995. These symposia are topically focused meetings for
principal investigators in the program and provide opportunities for our investigators to give
presentations on their Office of Basic Energy Sciences’ supported research. In addition to the
recognition the symposium gives to all of the investigators, we traditionally also recognize one
outstanding contribution from a DOE Laboratory Project and one from a University Project. The
outstanding contributions are selected by our session chairpersons. This year these include: Dr.
Thomas Torgersen from NSF, Dr. Joanne Fredrich from BP, Prof. Michael Manga from
University of California at Berkeley, Dr. Andrew Stack from Oak Ridge, Dr. Steve Laubach from
the Texas Bureau of Economic Geology, Prof. Dan Rothman from MIT, Prof. Dave Cole from
Ohio State University, Prof. Laura Pyrak-Nolte from Purdue University, Prof. Bill Casey from
University of California at Davis, Prof. Steve Sutton from the University of Chicago, Prof. Bruce
Watson from Rensselaer Polytechnic Institute, and Dr. Paul Fenter from Argonne National
Laboratory. For their efforts on behalf of the investigators I thank them all. We are looking
forward to an outstanding series of presentations.

Nicholas B. Woodward
Geosciences Research Program

Office of Basic Energy Sciences
U.S. Department of Energy
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Grain-boundary transport in rocks and related kinetic phenomena

E. Bruce Watson, Jay B. Thomas and Veronika Homolova
Department of Earth and Environmental Sciences, Rensselaer Polytechnic Institute, Troy, NY

The textural and compositional evolution of rocks is strongly controlled by the solubility and
transport of elements in grain boundaries. Since grain-boundary transport is commonly 10* to 10°
times faster than diffusion through the lattices of most rock forming minerals, rapid transport of
components through low volume grain boundaries may govern the kinetics of textural,
geochemical and isotopic equilibration. There is a general consensus that addition of water will
enhance grain-boundary transport, but there are no experimental studies that have systematically
investigated the dependence on grain boundary ‘moisture’ content. Grain boundaries also act as
important geochemical reservoirs because elements that are incompatible in the dominant matrix
minerals of a rock are partitioned into intergranular regions. The geochemical evolution of rocks
can be strongly affected by grain-boundary diffusion and partitioning processes, which may
produce elemental and isotopic fractionations similar to processes that modify compositions in
mineral/melt and mineral/fluid systems. During the last cycle we studied diffusion-induced
fractionation of lithium isotopes in grain boundaries of polycrystalline olivine rocks (dunites),
and the effect of water on transport of titanium in quartz grain boundaries (quartzites).

Lithium isotopic fractionation by grain boundary diffusion

Diffusion-induced fractionation of isotopes in grain boundaries has been suggested to occur in
natural settings but has not been experimentally investigated. Lithium isotopes are ideal for
studying isotopic diffusion induced fractionation because the mass difference between °Li and
"Li is large and accordingly, any isotopic fractionation should be large and easy to measure. The
experiments consisted of prefabricated, synthetic, polycrystalline olivine rocks that were placed
against Li-rich sources (spodumene). The Li concentration profiles show that Li concentration
decreases with increasing distance from the source. High precision Li isotopic measurements
show that isotopic profiles corresponding to the Li concentration gradients consist of two parts.
The part of the isotopic profiles more proximal to the Li source shows a substantial decrease in
the "Li/°Li ratio suggesting large diffusion induced isotopic fractionation in this part of the
profile. The more distal parts of the profiles have a more or less constant ’Li/°Li ratio indicating
that no isotopic fractionation occurred far from the source interface.

The role of water in grain-boundary transport of titanium in quartzites

Many recent studies have used the Ti-in-quartz thermobarometer to estimate P-T conditions of
metamorphic and deformation events. Changes in P-T conditions will change the Ti content of
quartz crystals in quartzites by transport and partitioning in quartz grain boundaries. We
conducted experiments to study transport of Ti in quartz grain boundaries with variable water
contents because there is little information on the behavior of Ti in grain boundaries. Diffusion
couples were assembled by placing rutile (TiO;) against quartzites with variable water contents.
The quartzites were synthesized with water contents that ranged from dry (no water added) to
1150 ppmw H,0. Infrared spectroscopic measurements of individual crystals in ‘dry’ quartzites
show that they contain ~15 ppmw H,O. Bulk measurements of ‘dry’ quartzites show that they
contain ~140 ppmw H,0. The difference of ~125 ppmw H,0 is attributed to water contained in
the quartz grain boundaries [which was likely added to the dry experiments as adsorbed water on
the starting quartz material]. Similarly, individual quartz crystals in the quartzite with ~1150
ppmw H,0 are nominally anhydrous, implying that the balance of the water was contained in the
grain boundaries. Grain-boundary diffusion experiments were conducted at the same P-T
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conditions as synthesis experiments (1 GPa, 900°C). Cathodoluminescence (CL) images of
diffusion couples show more extensive Ti uptake in intergranular regions of the quartzite with
~1150 ppmw H,O (Fig. 1). Quartzites with ~140 ppmw H,O have quartz crystals with high Ti
(bright CL) intergranular regions that are ~6 um wide near the rutile source. Quartzites with
~1150 ppmw H,0 have quartz crystals with high Ti intergranular regions that are ~13 um wide
near the rutile source. Bulk Ti measurements using LA-ICP-MS included high Ti intergranular
regions and low Ti quartz cores into analytical volumes. Titanium measurements show that Ti
transport and uptake is enhanced in the water-rich quartzites (Fig. 1). Kinetic and equilibrium
phenomena affect the overall transport of Ti into the quartzite. Grain-boundary diffusion
supplies Ti to the intergranular regions, and incorporation of Ti into quartz crystals adjacent to
grain boundaries must be controlled by Ti-in-quartz solubility, lattice diffusion and grain-
boundary migration ‘capture’.

0 sm0 w00 o0 1000 S0 m0n
distance {mi

8.8
Rulile| Quartzite
Figure 1. Cathodoluminescence (CL) images of rutile-quartzite diffusion couples. No water was
added to the quartzite in (a), and 1150 ppmw H,O was added to the quartzite in (b). The bright
CL rims have higher Ti than the dark CL cores. Titanium uptake into quartz crystals is more
extensive in the quartzite with 1150 ppmw H,O. (c) Titanium concentration gradients measured
in rutile-quartzite diffusion couples. Titanium concentrations decrease exponentially from high
values near the rutile-quartzite interfaces followed by a linear decrease that approaches the
starting quartz Ti concentration (dashed line). Titanium was measured using LA-ICP-MS with a

40 um laser spot size intended to sample multiple grains and intergranular regions.

Publications Resulting From DOE Funds:
Thomas, J.B., Watson, E.B. (2014) Diffusion and partitioning of magnesium in quartz grain
boundaries. Contributions to Mineralogy and Petrology (in review).

Homolova, V., Watson, E.B. (2013) Diffusive fractionation of lithium isotopes in polycrystalline

olivine. Invited talk at the Goldschmidt Conference.
Watson, H.C., Watson, E.B. (2013) Grain Boundary Diffusion of Sulfur in MgO. Fall American
Geophysical Union Fall meeting.
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Evolution of Pore Structure and Permeability of Rocks under Hydrothermal Conditions

Brian Evans, Yves Bernabé, Uli Mok
Dept. Earth, Atmospheric, and Planetary Sciences,
Massachusetts Institute of Technology, 77 Mass. Ave., Cambridge, MA

The broad objective of this proposal is to study interrelationships among permeability,
mechanical properties, and pore structure of rocks under hydrothermal conditions using
laboratory experiments and computations. Recent laboratory work has included experiments on
single asperities during pressure solution, the flow of two immiscible fluids in fractured rocks,
and the effective pressure law in reservoir rocks. In this presentation we report on two current
aspects of our computational work: The first is an investigation into pressure-solution
deformation with two interacting mechanisms, interface dissolution and interface diffusion. The
second is a network simulation of electrical conductivity in a granular rock filled with two
immiscible fluids, one a non-conductor, the other conductive.

Low-temperature deformation of granular rocks saturated with aqueous fluids usually
involves multiple, interacting physical mechanisms, which may include brittle cracking,
precipitation from a fluid phase, and dissolution and diffusion along grain-boundaries,
interphase-boundaries, and fluid/solid interfaces. To provide tractable solutions, constitutive
relations are often constructed to describe situations where a particular mechanism is rate-
limiting, or for idealized grain-packing geometry. Using a mechanical analysis of deformation
involving fully coupled dissolution and diffusion processes [Lehner and Leroy, 2004], we
extended earlier results for transient deformation along a single fluid-laden asperity to simulate
creep of a three-dimensional, random pack of quartz spheres. The calculation uses a distinct
element method [Cundall and Strack, 1979] and assumes that initial contact forces are purely
normal to the boundary and given by the non-linear model of Digby [1981]. We performed
simulations of long duration (> 1000 years) for both isostatic and oedometric compressions with
the confining pressure or the uniaxial stress ranging from 40 to 120 MPa, and temperatures
between 773 and 973°K. Overall volumetric strain of the aggregate displayed a complex time
dependence, unlike any constitutive laws assuming a single rate-limiting mechanism. The
sensitivity of log strain rate to log stress had values between 0.3 and 0.6, depending on loading
conditions (i.e., isostatic or oedometric) and the value of the contact interface diffusivity. Similar
power law exponents (<1) have been observed in experiments by Dysthe et al. [2003] and Visser
et al. [2012]. In our simulations, decreases in strain rate were caused partially by increases in
mean contact size and increases in contact coordination number, which approached 10. The
mean contact force decreases markedly, while there is a considerable increase of the bulk
modulus. When interpreted using a macroscopic constitutive law with a variable effective
activation enthalpy and stress exponent, the activation enthalpy decreased with time suggesting
that PS becomes diffusion controlled in the long time limit.

Effects of changes in pore connectivity and heterogeneity on transport properties: In
collaboration with Prof. M. Li, Southwest Petroleum University, Chengdu, China, we continued
our study of the effect of pore connectivity and pore size variability on the transport properties of
rocks using network simulations to estimate the electrical conductivity changes as a function of
brine saturation during drainage by a non-wetting and electrically non-conducting fluid (oil or
gas). Our goal is to relate these changes to the geometrical and topological characteristics of the
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portion of the pore space saturated with brine and to test whether the formation factor model of
Bernabe et al. [2011] can be successfully used to predict the resistivity index. We also started to
investigate solute transport by simulating the motion of solute particles in a pipe network by
randomly assigning transit times in individual pipes according to a probability distribution
derived from Taylor dispersion and by randomly selecting the pipes into which the solute
particles travels according to probabilities proportional to the pipe flow rates. These procedures
amount to up scaling Taylor dispersion, i.e., the pore scale transport process, to the macroscopic
scale (up to 10 m).
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Non-Darcian Flow, Imaging, and Coupled Constitutive Behavior of Heterogeneous
Deforming Porous Media

Hongkyu Yoon, Thomas Dewers, and Jason Heath
Geomechanics Department, Sandia National Laboratories, Albuguerque, NM

Single and multiphase flow and deformation of all porous media strongly depend on pore-scale
processes and the underlying pore-scale dynamics that govern deformation, flow and transport are not
understood quantitatively for low porosity and permeability earth materials. This project consists of three
distinct tasks including mudstone multiphysics, percolation methods for multiphase flow, and testing
plasticity paradigms. This talk focuses on Task 1, with the remaining tasks being discussed in the
Workshop poster session. Specific objectives of Task 1 include 1) determining shale pore structures to
characterize distributions of pore size, shape and connectivity, and pore-lining phases of microfacies at
micron to nanometer scales, 2) examining clay aggregate deformation and the onset of anisotropy from
nano- to micro-scale and document the transition from dominantly Darcy-to-non-Darcy flow as clay-
bearing sediments consolidate, and 3) measuring mechanical response of mudstones at the micron level to
scales more typical of rock mechanics testing and applying results to testing new techniques for
computational modeling and upscaling.

Focused ion beam-scanning electron microscopy (FIB-SEM) is used to characterize shale pore
structures at > 10 nm resolution, and we introduce a state-of-the art aberration corrected scanning
transmission electron microscopy (AC-STEM) for visualizing 3D connectivity and structure of the <10-
nm pore population (~ 1nm resolution). Moreover, energy dispersive X-ray spectrometry (EDS) is used to
identify the distribution of chemical composition of pore-lining phases. Data obtained from topological
and chemical analysis is being mapped together to reconstruct three-dimensional (3-D) pore structures
with different phases. Reconstructed 3-D pore topologies are used as an input for gas transport
simulations in shale gas rocks to improve our understanding of enhanced diffusion processes (e.g,
Knudson diffusion, slippage) in nano-pores and impact of chemical, mineralogical, and textural
characteristics on shale gas transport.

In-situ neutron diffraction experiments using custom-made titanium oedometers are performed to
examine clay aggregate deformation and pore structures from nm to mm scales. In particular, water in
pores less than ~10-nm (at or below typical FIB-SEM resolution) will deviate from those of bulk water,
which can influence non-Darcy flow and mechanical response. The flow of gases in these pore networks
may result in molecular sieving and resulting elemental fractionation. It was estimated that half of shale
pore volume can reside in networks of pores of <10-nm size, which is relevant for shale/clay yield,
failure, and matric potential effects. Our oedometer studies are intended to compliment and advance
knowledge on coupled geomechanical and fluid flow properties of clays under non-hydrostatic stress (i.e.,
uniaxial strain) with pore pressure, as compared to other recent hydrostatic-only, in situ X-ray or neutron
studies. The difference in intensity for the low and high pressure conditions are likely occurring from
changes in pore structure with compactional pore volume loss. Data interpretation is underway for pore
structure and sizes for the different levels of pore volume loss. In general, neutron scattering methods are
a promising tool to reveal pore structure information across length scales of relevance (i.e. nanometers to
microns), and the oedometer design is allowing observation of in-situ non-hydrostatic deformation of clay
aggregates in partial-to-saturated fluid conditions.

We also report on updated data acquisition and control capabilities in Ssandia’s temperature
controlled creep laboratory. Creep experiments are being used to examine influence of organic carbon and
clay content on shale microstructural damage and creep mechanisms.
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Geochemical Self-Organization and the Evolution of Permeability

Tony Ladd
University of Florida, Gainesville, Florida, 32611

Reactive infiltration instabilities occur in a wide range of geophysical and geotechnical systems.
The simplest such instability occurs when fluid flows between two soluble plates, which is an
idealized model of fractured limestone. Even when the initial aperture is uniform at the
nanoscale, an instability in the reaction front develops leading to the formation of pronounced
solutional channels or "wormholes". We have suggested that this instability may explain the
onset of large underground caves systems, by allowing a much deeper penetration of reactant
than is possible by uniform opening of the fracture.

Dissolution is a form of self-organization where patterns seem to develop in a similar way over a
wide range of initial conditions. This is an interesting and important subject that offers the
possibility of a theoretical understanding of geomorphologies formed by dissolution-
precipitation reactions. We present numerical simulations to indicate the insensitivity of key
statistical markers to the initial distribution of porosity.

Predictions of a linear stability analysis in porous and fractured rocks vary considerably
depending on the underlying model assumptions. We have previously identified the appropriate
non-dimensional group that distinguishes between the different cases. Numerical simulations of
dissolution predict that a planar front breaks up into a number of competing fingers. The nature
of the competition is again different in fractured and porous rocks. We are presently trying to
understand the growth of individual fingers, which numerical simulations show to be steadily
propagating in time, much like the better-known phenomena of viscous fingering. We will
indicate the difficulties that have so far prevented us from finding an explicit solution to the
finger size, shape and velocity.

1. P.Szymczak and A. J. C. Ladd. Reactive infiltration instabilities in rocks. Dissolution of
a porous matrix. J. Fluid Mech., 738:591-630, 2014.

2. P.Szymczak and A. J. C. Ladd. Interacting length scales in the reaction-infiltration
instability Geophys. Res. Lett., 40:3036-3041, 2013.

3. P.Szymczak and A. J. C. Ladd. Reactive infiltration instabilities in rocks. Fracture
dissolution J. Fluid Mech., 702:239-264, 2012.

4. P.Szymczak and A. J. C. Ladd. Instabilities in the dissolution of a porous matrix.
Geophys. Res. Lett., 38:L.07403, 2011.

5. P.Szymczak and A. J. C. Ladd. The initial stages of cave formation: Beyond the one-
dimensional paradigm. EPSL, 201:424-432, 2011
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The figure illustrates the typical wavelength and growth rates for dissolutional instabilities in
porous media at different flow velocities. The results span the range from natural subsurface flows
to the much higher velocities achieved by acidization. The different colors correspond to different
reaction timescales — 10 s (black), characteristic of slow processes such as quartz dissolution; 10°
*s (blue) corresponding to calcite dissolution in natural conditions; and 1 s (red) typical of
acidization. Our stability analysis shows there is a minimum in both the wavelength and growth
rate as a function of flow rate, a consequence of the two length scales in a dissolving porous
matrix.
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Fingering, fracturing and dissolution in granular media

Ruben Juanes
Massachusetts Institute of Technology

The displacement of one fluid by another in a porous medium give rise to a rich variety
of hydrodynamic instabilities. Beyond their scientific value as fascinating models of pattern
formation, unstable porous-media flows are essential to understanding many natural and man-
made processes, including water infiltration in the vadose zone, carbon dioxide injection and
storage in deep saline aquifers, and hydrocarbon recovery. Here, we review the pattern-selection
mechanisms of a wide spectrum of porous-media flows that develop hydrodynamic instabilities,
discuss their origin and the mathematical models that have been used to describe them. We point
out many challenges that remain to be resolved in the context of multiphase flows, and suggest
modeling approaches that may offer new quantitative understanding.

In particular, I will present experimental, theoretical and computational results for: (1)
fluid spreading under partial wetting; (2) the impact of wettability on viscously unstable
multiphase flow in porous media; (3) capillary fracturing in granular media; and (4) rock
dissolution during convective mixing in porous media.
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High resolution dielectric properties of organic-rich reservoirs with implications for
thermal maturation and the liberation of polar fluids.

Manika Prasad, John Scales and Rezwan Rhaman
Colorado School of Mines

Porosity estimates in self-resourcing organic-rich reservoirs are critically dependent on our
understanding of pore space in fine-grained constituents, organic matter and clay minerals.
However, pore sizes and pore volumes change with electrochemical interactions between rock
constituents and polar fluids liberated during organic maturation. Quantification of these changes
will make rock property models and reserves estimates more reliable. Interactions between clay
minerals and some functional groups of polar organic contaminants are governed by the surplus
electric charge on the clay surface. We expect similar interactions in the subsurface between
polar hydrocarbon byproducts of kerogen maturation and inorganic clay minerals. In this talk we
will describe our recent work using high-resolution sub-millimeter dielectric characterization to
map the polarizability of rocks and fluids. We are building a database of dielectric properties
and plan to extend our work to electron spin resonance in order to measure density of free
radicals.
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Weathering Models: Dissolution and Porosity Development in Crystalline Rocks

S. L. Brantley, G. Stinchcomb, X. Gu, M. Lebedeva, K. Bazilevskaya
Pennsylvania State University, Earth and Environmental Systems Institute, Univ. Pk PA 16802

A fundamental goal of DOE-funded geochemical research is to develop numerical
models of reactive transport to simulate natural water-rock systems. To test the underlying
conceptual models and parameterize the numerical simulations requires analysis of systems that
record rates of geochemical change over varying timescales. The most well studied examples of
geochemical systems that have evolved over timescales varying from 10° to 10° years are found
at earth’s surface: depth profiles of regolith. However, at present our ability to create conceptual
and numerical models of regolith formation is limited because we do not understand the coupling
between chemical reaction and porosity evolution.

Our focus here is on one-dimensional models of weathering: depth profiles that document
alteration of crystalline rocks or shale exposed at ridgetops. As protolith, these rocks have low
porosity but are fractured. As the protolith becomes exposed to weathering fluids higher in the
profile, they become fractured and altered. At depth, solute transport is dominated by diffusion
but near the land surface, interactions with H,O + CO, + O, open up porosity, eventually
bringing in infiltrating fluids. Mineral reaction fronts in regolith record the largest changes in
porosity. These fronts are documented in the element-depth profiles as i) completely developed
fronts where the primary minerals have dissolved completely, and ii) incompletely developed
fronts where the primary minerals are still present at the land surface because of slow mineral
kinetics compared to erosion.

At long-exposed ridgetops such as in the Virginia Piedmont, diabase and granite regolith
are characterized either as thin (diabase) or thick (granite) completely developed weathering
profiles . We attribute the difference in the two crystalline rocks to the dominant modes of
solute transport at the bedrock-saprolite interface: diffusion versus advection for diabase versus
granite respectively. In contrast to these crystalline rocks, profiles developed on ridges on Rose
Hill shale in Pennsylvania are mantled by thin regolith that is characterized by incompletely
developed reaction fronts for the dominant primary minerals®. These patterns are documented
by neutron scattering of thin sections versus depth (Figure 1).

The observations from PA and VA may elucidate weathering profiles worldwide: for
example, regolith developed on granite is usually thicker than on diabase, perhaps because of
enhanced infiltration and advection for felsic as compared to mafic rock. Enhanced advection is
attributed to three factors: i) the granite experiences deep fracturing and disaggregation during
weathering, ii) the granite contains quartz which holds open the regolith porosity once regolith
forms; iii) the granite does not form the same types of permeability-occluding clay layers that
can form on diabase. Deep fracturing may occur in granite at least partly because the low-ferrous
iron of the felsic rock allows downward-percolating fluids to retain dissolved oxygen to deeper
depths than CO, as weathering proceeds. Thus, oxidizing fluids penetrate deep into the rock,
causing biotite oxidation which in turn drives fracturing. In contrast, weathering fluids
percolating downward through diabase are likely first depleted in O, and then CO, so that the
deepest reactions result from carbonated solutions that mobilize ferrous iron without oxidation
and fracturing. To complete numerical models of these systems requires understanding patterns
in concentrations of O, and CO; in deep regolith pore space — measurements of these soil gases
are ongoing.
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Figure 1. Plots summarizing neutron scattering through thin sections of weathered rock sampled versus depth on three
lithologies. Unweathered fragments of diabase (MIDDLE) and granite (RIGHT) show that the internal pore-grain interfaces
are mass + surface fractals whereas unweathered shale (LEFT, A) is a mass fractal. With onset of weathering and oxidation,
the granite and shale transform to a surface fractal as fracturing promotes increasing solute transport in infiltrating fluids. In
contrast, the diabase begins as a mass + surface fractal and does not transform into a surface fractal: solute transport in this
rock is by diffusion. LEFT (A): Porod exponents in bedrock (deeper than 50 cm) and in weathered Rose Hill shale chips
(upper 40 cm) weathered at a ridgetop in Pennsylvania and sampled from a borehole. Exponents reveal the fractal
dimensions for the pore-grain interface as shown. MIDDLE: Fractals that comprise the pore-grain interface of weathering
diabase collected in a borehole drilled at a Virginia ridgetop from unweathered rock (UWR) to weathered rock (WR) to
saprolite (SAP) to SOIL as indicated. All samples are mass + surface fractals as shown. RIGHT: The interface inside granite
UWR from a nearby ridgetop is also characterized as both a mass and surface fractal but micro-fracturing during weathering
due to biotite oxidation transforms the rock to a surface fractal in the UWR. In general, the mass fractal inside the
unweathered crystalline rocks describes the distribution of pores (~300 nm to ~ 5 pm) along grain boundaries and triple
junctions. The surface fractal describes the distribution of smaller features (1-300 nm), i.e. the bumps at the grain/ pore
interface.
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Branching of Stream Networks

Daniel H. Rothman, Yossi Cohen, Hansjorg Seybold, and Robert Yi
Lorenz Center, Department of Earth, Atmospheric, and Planetary Sciences
Massachusetts Institute of Technology

In humid environments, rainfall infiltrates the ground and recharges the groundwater supply.
When the water re-emerges at the surface, shear stresses can be sufficient for erosive incision of
channels. As these channels grow, they often branch or bifurcate. We have studied this process
theoretically and observationally. By representing streams as growing paths in a diffusing field,

we predict the characteristic bifurcation angle a=27/5=72° [1,2]. Our observations of nearly
5000 bifurcated streams growing in a groundwater field on the Florida Panhandle yield a mean

bifurcation angle of 71.9°+0.8°, confirming our theory.

The Florida network is unusual in that stream growth is unequivocally driven by groundwater
seepage in a reasonably homogeneous environment. To investigate the extent to which seepage
flows drive river networks more generally, we have measured the bifurcation angles of all stream
junctions present in the NHDPIlus Version 2 database of drainage networks in the continental
United States. The result is shown in Figure 1a. We hypothesize that the resulting pattern should
be associated with the influence of groundwater flow into streams. We have therefore created a
corresponding map (Figure 1b) of the aridity index A=P/PET, where P is the precipitation rate
and PET is potential evapotranspiration. PET measures the rate at which water would be
evaporated if it were present. Thus wherever A>1, groundwater is recharged. Visually, one sees
that larger angles are correlated with higher values of the aridity index A. We quantify this
correlation by computing the average bifurcation angle as a function of A, shown in Figure 1c.
We obtain a remarkable result: when A is greater than about 2, the mean bifurcation angle

reaches a maximum at about 72°. There is also a sharp transition to smaller bifurcation angles in
arid regions, where A<1. A surprising immediate implication of these results is that groundwater
seepage has a profound impact on the growth of river networks wherever groundwater is
recharged, which corresponds to roughly half the area of the continental United States.

We hypothesize that the transition from humid to dry climates in Figures 1a and 1b
represents also a transition from network growth dominated by diffusive subsurface flow to
growth dominated by advective overland flow. In arid climates, channels are likely incised by
overland flow during major storms. Figure 1c suggests that this advective limit is characterized
by a bifurcation angle of about 45°.

After summarizing the above results, we return to the purely diffusive case of the Florida
network and briefly discuss three recent lines of inquiry. First, we note that the principle of local
symmetry can be adopted from fracture theory to predict the direction in which streams grow.
Second, we consider the three-dimensional shape of the valleys that contain the streams, and
characterize their diffusive limit mathematically. Finally we discuss early results that attempt to
derive erosion rates from cosmogenic isotopes measured at the Florida site.
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New Opportunities for Geoscience Research using the Multi-bend Achromat Storage Ring
Being Proposed for the Upgrade of the Advanced Photon Source

Sutton S. R., Rivers M. L., Eng P. E., Newville M., Lanzirotti A., and Stubbs J.
University of Chicago and GSECARS

The Advanced Photon Source (APS) is planning a new storage ring magnet lattice design
— the multi-bend achromat (MBA) — that promises a revolutionary increase in brightness several
orders of magnitude beyond that of the current APS. The new MBA lattice technology will
provide three key improvements over the current APS design: the ability to focus all of the X-
rays down to nanometer-size spots, dramatic increases in coherent flux, and orders of magnitude
increase in brightness per X-ray pulse for time-resolved experiments. These new capabilities will
open up new scientific opportunities in geoscience research.

Solving important geoscience questions requires characterization of samples at all scales,
from the molecular level through field scale. Enhanced characterization of highly heterogeneous
natural materials, made possible by the new MBA capabilities, will particularly advance the
understanding of geologic processes at the nano- and meso-scales. This presentation will outline
some of the key technical aspects of the MBA upgrade and provide some examples of
geoscience applications where the advanced capabilities will extend knowledge of the properties
of natural earth materials and related processes.

The essential feature of the MBA upgrade is the replacement of each of the large
synchrotron bending magnets, devices in the accelerator used to curve the electron beam to
produce a closed loop, with multiple, smaller bending magnets. The result is a dramatic
reduction in the horizontal emittance of the electron beam which in turn greatly increases the
brightness of the X-ray sources.

Geoscience applications that will particularly benefit from these advances will be any that
can take advantage of higher flux in smaller beams. Notable are scanning probe applications
involving microbe-mineral-fluid interactions, such as those that control the speciation, migration
and toxicity of contaminants, and those that are important in nutrient and metal cycling in the
oceans. Higher flux in smaller spots also translates into more rapid chemical and mineralogical
mapping of larger samples at higher spatial resolution. Such improvements will advance
searches for geological sources of strategic elements and improve processing methodologies, for
example. Greater analytical speed will also allow the characterization of more rapid
geochemical reactions and better definition of intermediate states.

An exciting opportunity is the ability to obtain detailed chemical state information at the
highest spatial resolutions (~ tens of nms) using resonant inelastic X-ray scattering (RIXS)
measurements at fixed incident energy with crystal analyzers or high-resolution energy-
dispersive detectors (currently under development) and zone plates or KB mirrors for focusing.
Such analyses are currently limited by small-scale instabilities associated with energy-scanning
methods.

The coherence of the X-ray beams is a property that the geoscience community has yet to
exploit to any great extent but has enormous potential. One example is the application of
coherent diffraction imaging which allows a detailed structural analysis of minute samples
without the use of focusing optics which can degrade resolution. The MBA upgrade to the APS
will increase the coherent flux by a factor of 100 and hence dramatically increase the capability
of coherent X-ray imaging.
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Observing Molecular-Scale Dynamics at the Interface between Rock-Forming Minerals
and Aqueous Solutions

Paul Fenter', Sang Soo Lee', Nouamane Laanait*, and Neil C. Sturchio®
Chemical Sciences and Engineering Division, Argonne National Laboratory
’Department of Earth and Environmental Sciences, University of Illinois at Chicago

Mineral-water interfaces are the primary reaction sites in low-temperature geochemical systems.
Our understanding of these systems has improved markedly over the past two decades,
specifically due to the ability to make direct in-situ observations. In particular, the development
and application of high resolution X-ray based tools have provided fundamentally new insights
into the molecular-scale structure and reactivity of interfaces, including the mineral surface
structure, the organization of interfacial hydration layers, and the speciation and coordination of
adsorbed ions. Here, we describe new opportunities to observe and understand dynamics at these
interfaces using variations of X-ray reflectivity. Time-resolved measurements of changes in
adsorbed ion distributions at the muscovite-water interface (one of the most abundant rock-
forming minerals) provide new insights into adsorption kinetics and the energetic landscape
experienced by the adsorbing ion, including ion binding energies as well as the barriers between
adsorbed states. Real-time measurements of calcite surface topography reveal how it responds
subtly to changes in solution saturation index, including both reversible and irreversible changes.
Finally, observations of calcite-water interfaces with high-brilliance X-ray reflection interface
microscopy (XRIM) show surprising changes in topography induced by the XRIM beam,
revealing the role of water hydrolysis products on altering the stability of these interfaces, with
possible implications for geochemical reactions occurring in high radiation fields.
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Actinide Geochemistry and Geochronology with Real Rocks

Steve Goldstein, Mike Murrell, Joanna Denton, Andy Nunn, Ron Amato, and Kim Hinrichs
Los Alamos National Laboratory

Uranium-series geochemistry and geochronology techniques have a wide range of applications in
a number of fields including hydrology, paleoclimatology, paleooceanography, and volcanology.
Our project aims to use well established bulk measurement techniques such as MC-TIMS and
MC-ICPMS along with new high spatial resolution LA-MC-ICPMS techniques for U-series
measurements. We then apply these techniques to better understand U-series environmental
transport and develop/apply U-series chronometers in support of basic geoscience research for
energy and waste concerns.

For U-series measurements using LA-MC-ICPMS, a crucial issue is having matrix-matched
reference materials to correct for elemental fractionation during LA. We have completed high-
precision U-Th disequilibrium measurements in a suite of Chinese Geological Standard Glasses
with a range of composition including basalt, syenite, andesite, and soil (Denton et al., 2013a).
The large disequilibria observed for some of the glasses (up to several %) along with the range in
Th/U ratios should provide useful reference points for the U-series analytical community.

Studies of U-series disequilibria near uranium deposits can provide valuable information on the
timing of actinide mobility over a range of spatial and temporal scales. In our most recent work
(Denton et al., 2013b), we characterized the geochemical evolution of the Nopal | uranium ore
deposit (Sierra Pefia Blanca, Chihuahua, Mexico) in terms of mineral-fluid interactions as well as
the role that vertical fractures play in U transport and retention. The Nopal | deposit is a possible
analog for actinide transport from a nuclear waste repository in fractured, unsaturated tuff and an
arid climate. Samples were obtained from a vertical drill core (PB-1b) that extends to ~250 m
depth below the surface. Three samples were selected for study from the drill core at depths of
8.5m, 67 m and 191 m. Since these are fine-grained materials, different whole-rock subsamples
were selected based on differences in color. From these fractions we can evaluate U-Th model
ages and whole rock isochrons for dating past actinide transport.

Drill core samples were dissolved and spiked with ?*Th and ?**U tracers. U and Th were
separated from the rock matrix by ion exchange chromatography, and high-precision U-Th
concentration and isotopic ratios were measured by MC-TIMS and MC-ICPMS. Our data show
that uranium concentrations range from ~0.1- 0.8 wt. % and U/Th weight ratios range from ~50-
700. The ore deposit contains ~0.57 wt. % U, therefore our results suggest that U has been
mobile up to 200 m depth in the past. *>*U/*U activity ratios in the drill core samples range
from 0.66 to 2.44 and illustrate a complex evolution consistent with interaction between
groundwater enriched in 2**U and a tuff matrix that is depleted in %**U due to recoil-related
leaching. Closed-system U-Th model ages are generally >200 ka, and U-Th whole rock
isochrons yield ages >200 ka with one exception (Figure 1). Although mineral-fluid interaction
is ongoing and more complex open system models are possible, the most consistent
interpretation of these data is that the drill core samples have generally remained closed with
respect to U and Th mobility for >200 ka. These results confirm our prior U-series chronology
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studies of horizontal-trending fractures at this site and also provide a baseline for more detailed
mineral work on actinide mobility and retention using LA-MC-ICPMS.
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Figure 1. Isochron results for the whole-rock subsamples. Well defined U-Th isochrons are
obtained for two of the samples, with ages of ~ 440 +/- 30 ka for the near surface sample and 211
+/- 3 ka for the deepest sample. The intermediate depth sample at 67 m does not lie on an
isochron suggesting open system behavior for U.
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Kinetic Isotope Fractionation in Laboratory and Natural Samples

Frank Richter
Department of the Geophysical Sciences, The University of Chicago

For the past ten years we have been demonstrating and quantifying large kinetic isotope
fractionations by diffusion in systems ranging from water, silicate melts and minerals, and metal
alloys. Our most recent work puts special emphasis on comparing what we find in laboratory
experiments and in natural settings. We are also focusing increasingly on kinetic isotope
fractionation by diffusion in minerals because in natural settings it is often the minerals that
retain a record of the history of transport and thermal evolution even in cases where the large-
scale transport was by fluid infiltration or by grain boundary diffusion. Because diffusion in
minerals is slow, the experiments involving diffusion in minerals have to be run at relatively high
temperature (~1000°C), but the results should be applicable to much lower temperature situations
if given a longer time than one can devote to a laboratory experiment.

I propose to focus on two particular aspects of our recent work kinetic isotope fractionation in
geological materials.

1. 1 will present a number of experimental results where the isotopic measurements give
unique insight into diffusive processes that are not at all apparent when one only
considers concentration gradients. | will show results where step-like concentration
profiles would not suggest that diffusion was the responsible process, but the isotopic
fractionation give clear evidence that diffusion was indeed involved.

2. 1 will also show a number of case studies where we have found quantitative agreement
between the kinetic isotope fractionation in our laboratory experiments and in natural
geological settings. The laboratory and natural examples include both molten systems
(i.e., diffusion boundaries between molten rhyolite and basalt) and minerals (pyroxenes
and olivines from a lava lake, a lava flow, and from mantle xenoliths).

Time permitting | will also address some of the experimental and theoretical challenges that we
are now faced with given our recent results.
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Geologic Complexity in Surface Complexation Models

Dimitri A. Sverjensky
the Johns Hopkins University

Reactions between mineral surfaces and water proceeding via surface complexation
reactions play an important role in the equilibria and kinetics of processes controlling the
compositions of soilwaters and groundwaters, the fate of contaminants, and the subsurface
storage of CO; and nuclear waste. However, no currently-available model of surface
complexation can be used to analyze these processes by predicting surface protonation and
adsorption of metallic cations, anions and organic species for the wide range of fluid
compositions, minerals, and temperatures and pressures that exist in nature.

The geologic complexity affecting the chemistry of mineral-water interactions in shallow
subsurface conditions involves a wide variety of variables. These include a wide variety of
minerals, and poorly crystalline precursors to minerals, and a very wide range of aqueous
species. My previous studies have shown that surface complexation can be applied in a
predictive mode for many of the different types of minerals and mineral precursors. Using the
extended triple-layer model (ETLM), the application of Born solvation theory enables prediction
of adsorption onto many types of solids. However, the wide range of aqueous species is still a
challenge. Despite this, the geologic reality is that most near-surface and shallow subsurface
waters on the continents are predominantly Ca-bicarbonate-silica waters. Consequently, it is
essential to be able to model the chemistry of the mineral-water interface in such waters.
Remarkably, there is not much experimental information about how such waters behave at the
surfaces of minerals. Recent efforts in the present project have been oriented towards developing
predictive surface complexation models to address this issue. Progressively, my studies have
been carried out on separate characterizations of the adsorption of Ca (and other divalent
cations), bicarbonate adsorption, and silica adsorption, both with and without aqueous organic
species present. It is now possible to carry out predictive calculations simulating the beginnings
of this geologic complexity. One example that will be shown is the surprising effect of an
organic acid anion (glutamate) on Ca adsorption on rutile. The surface charge on the rutile is
completely reversed at pH values of about 7 to 9 by the adsorption of Ca. Under these
circumstances, an organic anion can adsorb strongly when it would normally not adsorb.
Experimental results are consistent with this behavior. This type of cooperative effect illustrates
the need to account for the chemical and geologic complexity of the mineral-water interface in
natural systems.
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*Effect of Ca on the adsorption of an organic acid anion (glutamate) on rutile:
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Geochemistry of Interfaces: From Surfaces to Interlayers to Clusters

Jeffery A. Greathouse®, Louise J. Criscenti', Kevin Leung?, Anastasia G. Ilgen®, Lynn E. Katz®,
Heather C. Allen*, and Randall T. Cygan'

1Geochemistry Department, Sandia National Laboratories, Albuquerque, New Mexico, 87185; Surfaces
and Interface Sciences Department, Sandia National Laboratories, New Mexico, 87185; 3Department of
Civil, Architectural and Environmental Engineering, University of Texas, Austin, Texas, 78712;
“Chemistry Department, Ohio State University, Columbus, Ohio, 43210

This comprehensive project seeks to identify and evaluate the critical molecular phenomena at
clay mineral and metal-oxide interfaces that control many geochemical and environmental
processes. We combine advanced experimental and analytical methods with state-of-the-art
molecular simulation to improve our understanding of the mineral-water interface and to develop
a predictive capability for evaluating geochemical processes that are critical to water quality and
treatment, fate and transport of contaminants, underground storage, resource extraction, materials
stability and corrosion, and other related technologies. Specific tasks include the analysis of
surface speciation, adsorption phenomena, surface complexation modeling, ion pairing,
interlayer structures, structure and reactivity of the edge surfaces of clay minerals, and redox
processes at clay mineral-water interfaces. Related subtasks incorporate nuclear magnetic
resonance, X-ray absorption, second harmonic generation, sum frequency generation, infrared
and Raman vibrational, and inelastic neutron scattering spectroscopies as well as more
conventional characterization methods to understand the key molecular processes and help
validate the modeling studies.

Our molecular simulation efforts employ both classical and quantum techniques to address
structure, thermodynamics, kinetics, and physical properties of mineral-water systems. The
development of improved edge-site models within our classical force field approach (Clayff)
greatly expands the possible applications from basal surfaces to reactive edges. We have also
performed potential of mean force simulations to calculate free energy profiles of ion pairs in
solution and adsorbed on mineral surfaces. A variety of experimental and spectroscopic work
complements the theoretical effort.

More recently, we have examined the reactivity of the clay structural Fe(11)/Fe(ll1l) couple. We
perform laboratory experiments in order to understand the exact mechanism by which structural
Fe in phyllosilicates participates in redox reactions, the controls over capacity, pathways,
kinetics and direction of electron transfer, and the effective redox potential of the clay structural
Fe(I1)/Fe(l11) couple.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the United States Department of Energy’s
National Nuclear Security Administration under contract DE-AC04-94AL85000.
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Atomic- to Pore-Scale Probes and Predictions of Mineral Reactivity

A.G. Stack, J.R.D. Godinho, L.M. Anovitz, G. Rother, A.A. Chialvo, D. J. Wesolowski, E.
Mamontov, J.C. Borreguero, P.R.C. Kent, K. C. Littrell (ORNL), J.N. Bracco, S.R. Higgins
(WSU), J.E. Stubbs, P.J. Eng, M. Rivers (U. Chicago), P. Fenter, S.S. Lee (ANL)

The overarching goal of the ORNL Geosciences program is to attain a fundamental, quantitative,
and ultimately predictive understanding of geofluid speciation, mineral-fluid interfacial
equilibria and dynamics, mineral reactivity, and the effect of these properties on the evolution of
porous geologic media over wide ranges of temperature, pressure, composition and spatio-
temporal scales. This goal is addressed by closely coupling key experimental, characterization
and modeling efforts, including: 1) building validated and chemically-realistic atomic-molecular
scale descriptions of structures, speciation and equilibria in geofluids and at fluid-mineral
interfaces; 2) using new and quantitative dynamic and kinetic models of the processes
controlling mineral growth and dissolution; and, 3) developing quantitative descriptions of
natural and synthetic porous geologic media that reveal how geochemical equilibria and kinetic
processes control their evolution.

In this talk, I will highlight some of our progress towards those goals. Initially 1 will
discuss the criteria one might use to validate an atomistic computational model used to predict
mineral surface reactions quantitatively. Such criteria include traditional parameters such as the
dissolution free energy (lattice enthalpy), ion hydration energies, and bulk mineral structure, but
also new data such as the interfacial structure measured by X-ray Reflectivity, the interfacial
dynamics measured by Quasi-Elastic Neutron Scattering, and aqueous ion hydration structure
from X-ray/neutron diffraction. A properly calibrated and validated model will reproduce the
data from these, but improved functional forms of models are necessary, especially classical
molecular dynamics force fields. Once models are calibrated/validated, rare event theories can
allow an unprecedented ability to discover reaction mechanisms, and determine rates,
equilibrium constants and activation energies for atomic-scale mineral growth and dissolution
reactions. An understanding of these mechanisms tightly coupled to experimental measurements
will help us to derive models of growth and dissolution that more faithfully portray the processes
that actually occur on mineral surfaces. This in turn may lead to enhanced accuracy and
improved predictive capacity.

In addition to the above, I will discuss mineral growth and dissolution in porous media,
both model compounds and specific rock samples. While this work is in progress, we are using
X-ray microtomography and small/ultra small angle neutron scattering coupled to analytical
techniques to observe directly changes in pore structure resulting from reaction with aqueous
solutions. A combination of methods allows us to measure changes in pore structure over
approximately seven orders of magnitude in pore sizes.
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Figure 1: Atomic- to pore-scales of mineral surface structure and reaction.
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Measurements and Conceptual Models of the Reactivity of the World’s Smallest Rocks:
Bacteriogenic and Abiogenic Nanomineral Aggregates

M.F. Hochella, Jr., J. Xu', M. Murayama®, C. Roco®, G. Singh®, N. Qafoku?
'Department of Geosciences and ICTAS, Virginia Tech; *Pacific Northwest National Laboratory

The recognition that nanominerals and amorphous nanoparticles are common and widely distributed in the
environment has greatly enhanced our understanding of many physical, chemical, and biological processes on Earth.
Among the diverse factors that may affect the inventory of nanoparticles in nature, microorganisms, although being
a vital group of contributors, have not been fully appreciated for their role in producing, transforming, and
transporting nanoparticles. Nevertheless, the biogeochemical community has learned that bacteria can actively form
nanominerals (down to a few nm in size) to enhance cell survival (e.g., magnetotactic bacteria) or passively as a
result of cellular metabolism (e.g., sulfate-reducing bacteria). In either scenario, the nanomineral’s reactivity in situ
ultimately determines this material’s fate in the environment, which in turn, helps regulate geochemical cycles.

The fundamental-level goal of our project is to study the particle size, crystal structure, surface reactivity, and
in-situ structural transformation of bacteriogenic vs. abiogenic nanominerals of metal monosulfides. We also aim to
search for potential biosignatures manifested in the physical and reactive characteristics of the bacteriogenic
nanominerals through this comparative study. The bacteriogenic nanominerals used in this study are produced by a
dissimilatory sulfate-reducing bacterium (dSRB), Desulfovibrio desulfuricans, in Zn-amended media. The
abiogenic nanominerals are synthesized using a surfactant-based method. Metal monosulfide minerals and dSRB
were chosen mainly because of their prevalence in low-temperature geochemical settings and relevance for
contaminant geochemistry and environmental toxicology.

Our work is composed of several projects aligned to acheive our primary goal, including: (1) synthesis and
characterization of abiogenic ZnS nanoparticles; (2) determination of optimal conditions for bacterial production of
ZnS nanoparticles and characterization of the bacteriogenic nanoparticles; (3) investigation of oxidative dissolution
mechanisms for both bacteriogenic and abiogenic ZnS nanoparticles; and (4) study of the roles and interplay of
sulfate-reducing bacteria and redox-active metal sulfides in uranium sequestration in natural sediments.

Both bacteriogenic and abiogenic ZnS in our experiments are identified as sphalerite nanocrystals based on
XRD powder patterns, HR-TEM images, and SAED analyses. The abiogenic nanoparticles (Fig. 1) have a uniform
equidimensional shape and size (~5 nm), and in comparison, the bacteriogenic nanoparticles (Fig. 2) display more
variation in both shape and size (in a range of 2-8 nm) as well as noticeable structural defects like stacking faults and
twinning (Fig. 3a,b). The maximum tolerance of D. desulfuricans to Zn** was determined to be ~40 ppm by
evaluating the cell viability using CTC staining coupled with epifluorescence microscopy and flow cytometry. To
evaluate the direct role of bacterial cells in nano-ZnS formation, we also synthesized ZnS precipitates using the cell-
free metabolite-containing medium. TEM micrographs (Fig. 4) show that these ZnS nanoprecipitates formed
aggregates of up to ~50 nm in the absence of bacteria.

Oxidative dissolution experiments of bacteriogenic and abiogenic nano-sphalerite were carried out by
submerging the TEM grids with freshly deposited ZnS nanoparticles into aqueous solutions over a range of pH’s in
stirred beakers open to the air. By observing the average size and shape changes of individual particles as well as
electron diffraction using TEM, we were able to estimate the dissolution kinetics and identify secondary products of
the oxidation process. Preliminary results show that the dissolution rate was much higher at lower pH and reached a
minimum at pH 7 for the abiogenic ZnS. Elemental sulfur was also detected in the proximity of shrinking sphalerite
nanoparticles at both pH 3 and 9. The dissolution experiments for bacteriogenic ZnS nanoparticles are being
conducted. Besides the oxidation/dissolution mechanisms for each system, we will focus on evaluating the potential
differences between the two.

To investigate the roles of sulfate-reducing bacteria and bacteriogenic metal sulfides (i.e., Fe,Cu-sulfide) in
uranium sequestration in natural sediments, we conducted flow-through column studies to evaluate the uranium
uptake by four different types of bioreduced sediments at the Rifle Site. Based on g-PCR analyses and mineralogical
characterization (i.e., XRD and SEM-EDX), we found that LQ 107 and CD sediments were relatively more oxidized
and contained significant amounts of Fe-(oxyhydr)oxides, whereas D08 was relatively more reduced and contained
abundant SRB as well as biogenic framboidal pyrite. Interestingly, the aqueous chemistry data showed that most U
was taken up by the D08 column, and thus, pointed to a positive correlation between U sequestration and the
presence of SRB and/or biogenic Fe-sulfide.
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Supporting Figures
1&2: Transmission electron micrographs and electron diffraction patterns of abiogenic (1) and bacteriogenic (2) ZnS
nanoparticles; 3: Observed structural defects in bacteriogenic ZnS nanoparticles; and 4: transmission electron
micrographs for ZnS precipitates in cell-free metabolite-containing media.
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Molecular Mechanisms of Interfacial Reactivity in Near Surface and Extreme Geochemical
Environments

AR. Felmy, J.M. Zachara, A.M. Chaka, J. Loring, and S. Kerisit
Pacific Northwest National Laboratory, Richland, WA

The research program being conducted by scientists at the Pacific Northwest National
Laboratory and associated Universities emphasizes the role of electron conduction on mineral
transformations, the impact of mineral/water film nucleation and growth on geochemical
processes, and the development and application of novel theoretical approaches. Examples of
recent advances in these scientific areas will be given that will include: AFM and TEM studies of
growth of otavite on surfaces of calcite, the development of ab inito thermodynamic models for
magnesium carbonate phases, and the role of interfacial processes on mineral transformation in
wet supercritical CO..

Specific studies designed to unravel the formation of a difficult to form magnesium carbonate
phase, magnesite, will also discussed. These studies include long term equilibration studies at
high partial pressures of carbon dioxide and the impact of providing seed crystals to enhance
nucleation and growth. Research on mineral nucleation and growth will also be described which
is driven by differences between surface and bulk temperature, as well as attempts to constrain
systems to prevent water from entering the first solvation shell of the reacting cation. The overall
presentation will emphasize research results made possible by the use of In situ methods that are
especially important in unraveling mineral reactivity when the observed ex situ reactivity can
change greatly during sample degassing or other changes in conditions. Finally, the use of atom
probe tomography (APT) to characterize both the composition and reactivity of mineral phases
will be described. The use of APT allows an atom by atom characterization of complex mineral
phases in which not only the locations of minor components can be determined but also the
presence of hydrated layers within the mineral phase which may represent area of enhanced
reactivity relative to the overall bulk material (see Figure 1). This detailed characterization can
allow researcher to distinguish differences in reactivity among apparently uniform mineral
phases.
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3D Reconstruction of Unreacted Natural Fayalite
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Figure 1. APT analysis of a fayalite sample showing the distribution of trace components,
including Na and H,O, in an apparently pure mineral sample. Reactivity is believed to be

enhanced at locations where the water and/or sodium is concentrated.
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Stable-isotope probe of nano-scale mineral-fluid redox interactions

Abby Kavner
Department of Earth, Planetary and Space Sciences, University of California Los Angeles

Objectives The goal of this research program is to understand the kinetic isotope effects
associated with electrochemistry reactions. The project aims to 1) determine the chemical
mechanism(s) responsible for isotope separation during electron transfer (redox reactions) 2)
develop a framework to predict the kinetic isotope fractionation arising from simple
electrochemical reactions; and 3) perform experimental tests of hypothesized isotope
fractionations as a function of temperature and rate in a variety of electrochemical reactions
involving Zn, Fe, and L.i.

Results Measurements in a wide variety of metal electrochemical deposition systems including
Fe, Zn, Li, Mo, and Cu have led to observations of isotope signatures of the electroplated metal
compared with the electroplating solution. In all cases, light isotopes are preferentially
electroplated, with the extent of fractionation dependent on rate and temperature. We have
successfully interpreted our observations in terms of a competition between mass-transport-
limited supply of ions to the electrode (which limits the extent of isotope separation) and the
chemical kinetics of the deposition reaction (which creates the large electrochemical kinetic
isotope effect) [Kavner and Black, 2014]. To help design future experiments, we have revisited
our previous derivation of an electrochemical isotope effect based on Marcus theory [Kavner et
al., 2005, 2008], which was based on behavior far from equilibrium, and did not deal explicitly
with the pre-exponential reaction frequency factor. Our new derivation makes predictions of the
expected kinetic isotope effect for single electron transfer reactions as a function of reaction rate
and temperature.

J. R. Black, S. G. John, A. Kavner, (2014), Coupled effects of temperature and mass transport on
the isotope fractionation of zinc during electroplating, Geochim. Cosmochim. Acta, 124, pp.
272-282.

A. Kavner, S. G. John, S. Sass, and E. A. Boyle, (2008), Redox-driven stable isotope

fractionation in transition metals: Application to Zn electroplating. Geochim. Cosmochim.
Acta, 72, pp. 1731-1741.

A. Kavner, A. Shahar, F. Bonet, J. Simon and E. Young, (2005), The isotopic effects of electron
transfer: an explanation for Fe isotope fractionation in nature, Geochim. Cosmochim. Acta,
69, pp. 2971-2979.
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Non-Gassmann Pore-fill Substitution in Heterogeneous Rocks

Gary Mavko, Nishank Saxena, Jack Dvorkin, Amos Nur
Stanford University

Gassmann’s equations, introduced more than 60 years ago, continues to provide the
foundation for modeling the seismic signatures of fluids in rocks. Aside from a few well-
established limitations (e.g., well-connected pore space, low frequency, and low fluid viscosity),
Gassmann’s predictions depend only on constituent moduli, volume fractions, and the first
moment of drained pore space compressibility; i.e., pore space heterogeneity does not enter into
Gassmann’s equations.

There are many elastic substitution problems that cannot be handled by Gassmann’s theory.
These include fluid substitution at high frequencies, substitution of solid or highly viscous
materials (magma, heavy oil, creeping phases) in the pore space, substitution of one mineral
phase for another (replacing feldspar with alteration products, replacement of calcite with
dolomite, replacement of clay with kerogen), and chemical changes to the rock frame that
accompany a change in pore fluid.

We have found a strategy to estimate the changes in rock elastic moduli when solids (or
highly viscous fluids) are added to or removed from the pore space. The method is based on
recursive use of the Hashin-Shtrikman bounds. We find that non-Gassmann substitution is
inherently non-unique in the usual geophysical context — i.e. starting with initial values of
effective elastic moduli, porosity, and composition. The reason is that non-Gassmann
substitution depends on details of pore microgeometry that are generally not available. More
specifically, solid substitution depends on the spatial variance of the pore space compressibility,
in addition to the mean compressibility required by Gassmann.

The new substitution algorithms yields upper and lower bounds on the change in effective
bulk and shear moduli upon solid or fluid substitution. The smallest possible change is usually
larger than that predicted by Gassmann.

The non-uniqueness can be improved, but not eliminated when both initial bulk and shear
moduli are known. We can bound the changes in effective elastic moduli upon substitution, with
the lower bound always predicting non-Gassmann substitution better than existing methods.
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Rock deformation at submicron scale

Ronaldo I. Borja, Martin Tjioe and Kane C. Bennett
Department of Civil and Environmental Engineering, Stanford University, Stanford, CA 94305

Deformation mechanisms at the grain scale are responsible for producing macroscopic
deformations in porous rocks. They include cataclastic flow, dislocation creep, dynamic
recrystallization, diffusive mass transfer, and grain boundary sliding, among others. Processes
such as carbon sequestration, geothermal energy generation, hydrocarbon extraction, hydraulic
fracturing, and mining rely on a solid understanding of these grain-scale mechanisms to better
understand the emergent complex behavior. To address the theme of the workshop “Where are
the rocks?” we investigate rock deformation at the submicron scale through state-of-the-art
imaging and computational modeling. We focus on three dominant grain-scale mechanisms
resulting from purely mechanical, isothermal loading: crystal plasticity, micro-fracturing, and
creep. Crystal plasticity is assumed to occur as dislocations along the many crystallographic slip
planes, whereas micro-fracturing entails slip and frictional sliding on micro-cracks. Creep is a
time-dependent process independent of pore pressure transients, and is captured in the
mechanistic model by viscoplasticity at the grain scale. To motivate the computational model,
we conduct nano-resolution imaging through focused ion beam-scanning electron microscopy
(FIB-SEM) and construct a volume representation of rock at submicron scale. We then use
nonlinear finite element modeling to: (a) obtain a homogenization and develop the associated
bifurcation condition for the grain-scale processes at the next higher scale (mesoscale), and (b)
analyze and validate the results of nano-indentation tests on Woodford shale as a boundary-value
problem. The oral presentation will cover both the mechanistic model development and
submicron scale imaging conducted by our research team.
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Rates of Fracture Array Growth and Sealing from a Model for Quartz Cementation and
Implications for Fracture Size Scaling

S. E. Laubach,'R. H. Lander,? J. E. Olson,? and P. Eichhubl*

! Bureau of Economic Geology, The University of Texas at Austin, 10100 Burnet Road, Bldg.
130, Austin, TX 78758 USA, “Geocosm and BEG; ° Department of Petroleum & Geosystems
Engineering, The University of Texas at Austin

A new model accounts for crystal growth patterns and internal textures in quartz cement in
sandstone fractures, including massive sealing deposits, thin rinds (or veneers) on open fracture
surfaces and bridge structures that span otherwise open fractures. High-resolution
cathodoluminescence imaging of bridge structures and massive sealing deposits indicates that
they form in association with repeated micron-scale fracturing whereas thin rinds do not. Model
results indicate that the three morphology types develop in response to (1) the ratio of the rates of
quartz growth to fracture opening and (2) the substantially faster growth rate that occurs on non-
euhedral surfaces in certain crystallographic orientations. Rind morphologies develop when the
fracture opening rate exceeds two times the fastest rate of quartz growth (along the c-axis on
non-euhedral surfaces) because growing crystals develop slow-growing euhedral faces. Massive
sealing, on the other hand, develops where the net rate of fracture opening is less than half the
rate of quartz growth on euhedral faces because all quartz nucleation surfaces along the fracture
wall seal the fracture between fracturing events. Bridge structures form at fracture opening rates
that are intermediate between the massive sealing and rind cases and are associated with
crystallographic orientations that permit growth to span the fracture between fracturing events.
Subsequent fractures break the spanned crystal, introducing new, fast-growing non-euhedral
nucleation surfaces that grow more rapidly than the euhedral faces of non-spanning crystals. As
the ratio of fracture opening to quartz growth rate increases, the proportion of overgrowths that
span the fracture decreases and the c-axis orientations for these crystals becomes progressively
closer to perpendicular to the fracture wall until the maximum spanning limit is reached. The
model also reproduces “stretched crystal”, “radiator structure”, and “elongate blocky” textures in
metamorphic quartz veins.

The model replicates a well-characterized quartz bridge from the Cretaceous Travis Peak
Formation and reproduces quartz cement abundances, internal textures, and morphologies in the
sandstone host rock and fracture zone using the same kinetic parameters while honoring fluid-
inclusion and thermal-history constraints. The same fundamental driving forces, in both in the
host rock and fracture system, are responsible for quartz cementation with the only significant
difference being the creation of new fracture surfaces (non-euhedral surface area) for cases
where overgrowths span fractures between fracturing events. Rates of fracture growth and
sealing may be inferred from fracture cement textures using model results.

The presentation will describe tests of the model in replicating cement distributions in a wide
range of other structural settings. We will also show how cement predictions are being
incorporated into geomechanical models and show how modeled feedback between cement
precipitation and fracture growth compares to fracture array histories reconstructed using fluid-
inclusion assemblages. An interesting result is that the combined structural diagenetic model
correctly predicts patterns of fracture size scaling, including the occurrence of both power-law
and characteristic aperture size distributions.
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Structural Heterogeneities and Paleo Fluid Flow in an Analogue Sandstone Reservoir

Atilla Aydin and David D. Pollard
Stanford University

The overarching goal of this project is to understand the tectonic circumstances and
physical processes by which a complex suite of brittle structures can evolve in a sandstone
reservoir/aquifer over a long geological time span, and how the resulting fabric of structural
heterogeneities can affect fluid flow. The geological field work focuses on the Aztec Sandstone
at the Valley of Fire State Park, Nevada. As we enter the final year of this project, we summarize
the breadth of the acquired knowledge, the scope of the publications, and the number of graduate
students and postdocs trained.

During the last three years, we focused on the distribution and orientation of compaction
bands and joints in the Aztec and Navajo sandstones. The field data suggested a strong
correlation between the occurrence and orientation of these structures and the orientation and
nature of the cross beds in these aeolian sandstones. As part of an effort to understand this
correlation, we studied the cross-bed induced strength anisotropy using a mechanical model
(Tsai and Wu, 1971) based on a general strength criterion for anisotropic materials. We collected
samples of the Aztec Sandstone and determined their stiffness anisotropy in the lab. It turns out
the aeolian sandstones are strongly anisotropic as anticipated. However, this anisotropy is
variable as a function of other types of heterogeneities in the sandstones. To facilitate fluid flow
modeling in dunes with distributed compaction bands in various orientations, we determined
porosity and permeability of compaction bands using image- and direct laboratory-based
methods and compare and contrast the results from both approaches. This line of research
includes actual flow modeling using both the distribution of compaction bands and joints, and
their impact on up-scaled permeability.

We utilized the solution of Eshelby for the ellipsoidal inhomogeneous inclusion to study
the mechanical behavior of compaction bands and shear-enhanced compaction bands in the
Aztec sandstone. Attributes of this solution include: 3D ellipsoidal geometry; appropriate
stiffness contrast between band and sandstone based on rock mechanics data; a prescribed
remote triaxial stress state based on the tectonic history; a realistic compaction strain within the
band based on measured porosity loss, and non-singular stress states along the band tipline. A
new propagation criterion is proposed that is consistent with in-plane propagation, but leaves
unresolved the micro-mechanical mechanism(s) that operate along the tipline. At the band tip the
stress state is triaxial, suggesting that the eigenstrain within the band may not be purely uniaxial,
as has been assumed. The result found here is consistent with a shear stress to compressive stress
ratio of 1.3, under which shear-enhanced compaction bands are favored. We are developing a 3D
discrete element method (DEM) computer code to characterize compaction strain within the
band. The new code is able to create models that have similar elastic properties and failure
behaviors to those recorded by rock mechanics laboratory testing. We are using the geometric
characteristics of ‘wiggly’ compaction bands to constrain the propagation criterion for bands.
Our goal is to develop a new capability through improved numerical models to forecast the
presence and characteristics of these structural heterogeneities in sandstone reservoirs/aquifers.
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Fractures in Rock: Swarms, Scaling & Intersections

Laura J. Pyrak-Nolte,*?* Eric Boomsma?, Siyi Shao' and Brad Abell*

'Department of Physics, Purdue University, West Lafayette, Indiana
’Department of Earth and Atmospheric Science, Purdue University, West Lafayette, Indiana
%School of Civil Engineering, Purdue University, West Lafayette, Indiana

Within the last decade, researchers have worked to deploy nano- and micro-sensors into
the subsurface to probe rock formations and the fluids they contain. Sensor mobility is a major
challenge for any innovation that relies on the directed transport of nano- or micro- particles into
the subsurface. Sensor mobility depends critically on the complexity of the flow paths in the
rock, and on the size, shape and functionality of the sensors. A potential method for sensor
deployment is the use of sensor swarms, i.e. groups of nano- or micro- sensors that are
maintained as a coherent group to enable targeted emplacement into fractures. To control
deployment of sensor swarms, a fundamental understanding is required of the physical processes
that affect swarm transport.

This presentation covers three areas of research that relate to transport in fractured rock:
(1) a scaling relationship between fluid flow and fracture specific stiffness that enables remote
identification of the dominant flow paths in fractured rock; (2) global effects on the local
behavior of swarms in fractures and (3) the ability to characterize fracture intersections for
transport in fracture networks.

Scaling: Fractures with weakly correlated random aperture distributions were used to
explore a fundamental scaling relationship between fracture stiffness and fluid flow in a fracture.
Three computational methods were used (1) a stratified percolation approach to generate pore-
scale fracture void geometry for fractures, (2) a combined conjugate-gradient method and fast-
multipole method for determining fracture deformation, and (3) a flow network model for
simulating fluid flow, fluid velocity and fluid pressures within a fracture. From this numerical
study, fracture specific stiffness was determined to be a surrogate for fracture void area. Fracture
specific stiffness captures the deformation of the fracture void geometry that includes both
changes in contact area and aperture. The numerical flow-stiffness data, simulated at multiple
length scales, was collapsed to a single scaling function that displays two exponential regions
above and below the transition into the critical regime. The transition point is governed by the
multi-fractal spectrum of stress dependent flow paths. This spectrum reveals that the flow path
geometry deforms from a sheet-like topology to a string-like topology. The resulting
hydromechanical scaling function provides a link between fluid flow and the seismic response of
a fracture, because fracture specific stiffness affects seismic wave attenuation and velocity,
which are routinely measured in the field. This relationship provides the first stepping stone for
determining the dominant flow path through fractured rock for directing swarms.

Global versus Local Behavior of Swarms: In contrast to emulsions or dispersions, particle
swarms are highly localized assemblages containing thousands to millions of particles. As a
result of the hydrodynamic interactions among particles, a swarm travels 10x-1000x faster than
an individual particle and it exhibits complex behavior. Swarms consisted of soda-lime glass
beads (~8um diameter) mixed in a 2% concentration by mass with the bulk fluid. The distance
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between the two walls was varied to determine the effect of fracture aperture on swarm behavior.
Swarms were observed to travel farther and faster prior to break-up in an optimal aperture range,
contrary to traditional Stokelet theoretical methods that predict a monotonic asymptotic increase
in velocity with increasing aperture. Experiments that controlled global boundary conditions,
along with computational studies with COMSOL, demonstrated that swarms induce global
advection currents at finite Reynolds number and in finite geometries. Coupling of the swarms to
the global advection currents is affected by fracture aperture and the degree of confinement.

Intersections: The ability to link fracture specific stiffness to fluid flow provides a
method for delineating potential pathways for swarm release and control. Although fracture
intersections often provide connectivity among fractures and fracture sets, few studies have
focused on methods to characterize intersections and the response of intersections to changes in
stress. An experimental investigation was performed to determine if distinct elastic-wave modes
exist that propagate along fracture intersections. Ultrasonic waves propagated along the
intersection between two orthogonal, synthetic fractures in aluminum were compared with waves
that were propagated through the bulk and along single fractures as a function of stress.
Intersections give rise to several elastic-wave modes not observed for a single fracture.
Intersection waves have the potential to provide a new method to monitor fracture intersections
and their contribution to transport in rocks.
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Geophysical Monitoring of Fluid Invasion

Steve Pride, Greg Newman, Michael Commer, Don Vasco, Seiji Nakagawa, Stephen Breen and
Jim Berryman

Lawrence Berkeley National Laboratory

The goal over the next three years (2014 — 2016) for the BES-funded Geophysics Cluster at
Lawrence Berkeley National Laboratory (nine scientists in all) is to develop procedures that
allow time-lapse geophysical data acquired while fluids are being injected into the Earth to be
inverted in order to quantify where the injected fluids go and what they do vis-a-vis fracturing or
other alterations to the state of the subsurface. Specific applications are to geothermal systems
and CO, sequestration among others.

In this presentation, several of our avenues of research are spelled out and initial results acquired
over the last six months presented. The overall flow diagram of the inversion scheme is to first
model how geophysical properties (specifically, electrical conductivity and seismic properties)
are changing due both to fluid substitution effects (e.g., warm and saline brine being replaced by
relatively cool and fresh water) and to fluid-pressure-induced deformation and damage. Such
altered geophysical properties allow geophysical synthetic data sets to be determined and
compared to time-lapse geophysical data. The goal of the inversion is to obtain the initial values
of the permeability and porosity that were present prior to fluid injection (i.e., the changes in
permeability and porosity through time are being modeled from these initial values) as well as a
handful of parameters at each voxel that control how the electrical conductivity and seismic
properties change with the hydrogeological or damage fields. As part of this endeavor, we are
also performing research into the forward model for how injected fluids move through the
subsurface which is non-trival when there are any of 1) saline plumes, 2) immiscible fluids and
3) fluid-induced damage. This project thus requires us to develop: (1) novel forward
(hydrogeological) models of the invasion process; (2) models for how changing fluids, changing
fluid pressures and changing fracturation alter the geophysical properties; and (3) novel methods
for addressing the inverse problem.

The types of invasion problems we aim to model are extensive (immiscible invasion, invasion of
fluids with contrasting salinity and temperatures compared to the host rocks, invasion that causes
measurable elastic rock deformation and invasion that causes fracture damage). In the
presentation, focus is limited to the first fields we have allowed for; namely, the dispersive
development of a saline plume caused by injecting a fluid of contrasting salt concentration
compared to the native brines along with the associated fluid-induced changes in deformation.
Movies of how the geophysical properties are changing will be presented. Our approach to
obtaining the Frechet derivatives for the least-squares inverse problem will also be shared. The
type of laboratory data we are collecting to constrain our procedures will be presented as well.

In future years, the methods being developed will be applied to data collected from actual field
sites.
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New Measurements of Elasticity in Earth Materials Guiding a New Theoretical Approach

Paul Johnson
Los Alamos National Laboratory

In the last 10 years, application of elastic nonlinear behavior has expanded markedly to imaging
in the earth, to medicine and to nondestructive evaluation of materials. Many of these areas rely
on the fact that elastic nonlinearity is extremely sensitive to damage—dislocations, cracks,
macrocracks—at many scales. We are developing new, sensitive measures of elastic nonlinear
behavior and a new theoretical approach in order to ultimately extract the average dimension of
the features responsible for bulk nonlinearity, as well as ultimately attempting to quantify
damage or crack density from such measures. Such a development would be a significant
breakthrough for numerous applications. The new, highly sensitive measurement methods are
based on ‘Dynamic Acousto Elasticity’, where the material is perturbed by a low frequency
disturbance and probed with a high frequency, repeating pulse. The theoretical approach under
development is an extension of the Arrhenius model.

Publications/Patents
15 Patents in progress or granted in the last 6 years.

Book
Nonlinear Mesoscopic Elasticity: The Complex Behaviour of Rocks and Soil, R. A. Guyer and
P.A. Johnson, Wiley-VCH Verlag GmbH Berlin, 410 p. August 2009.

Recent Publications

Haupert, S., J. Riviere, B.E. Anderson, Y. Ohara, T.J. Ulrich, P.A. Johnson, Optimized dynamic
acousto-elasticity applied to fatigue damage and stress corrosion cracking. J. NonDestruct.
Eval., DOI 10.1007/s10921-014-0231-2 (2014).

Riviere, J., G. Renard, R. Guyer and P. Johnson, Pump and probe waves in dynamic acousto-
elasticity: comprehensive description and comparison with nonlinear elastic theories, Journal
of Applied Physics 114 (2013) DOI: 10.1063/1.4816395

Renaud, G., J. Riviere, P.Y. Le Bas and P. Johnson, Hysteretic nonlinear elasticity of Berea
sandstone at low vibrational strain revealed by dynamic acousto-elastic testing, Geophyscial
Research Letters 40, 715-719, doi:10.1002/grl.50150 (2013).

Riviere et al.., Nonlinear ultrasound: potential of the cross-correlation method for
osseointegration monitoring, J. Acoust. Soc. Am., 132 EL202-EL207 (2012).

Renaud G., P-Y. Le Bas, and P. Johnson, Dynamic Measures of Elastic Nonlinear (Anelastic)
Behavior: Dynamic Acousto-Elasticity Testing (DAET), J. Geophys. Res., B06202, 17 PP.
doi:10.1029/2011JB009127 (2012).

Riviere, J., Ulrich, T.J. Haupert, S., Laugier, P. and Johnson, P., Time Reversal Nonlinear
Elastic Wave Spectroscopy applied to osseointegration monitoring through two mock
models, J. Acoust. Soc. Am., 131 1922-1927 DOI: 10.1121/1.3683251 (2012).
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Modeling shale anisotropy based on microstructure, fabric, pore and grain geometry -
comparison of simulations with experiments

Hans-Rudolf Wenk, Roman Vasin, and Waruntorn Kanitpanyacharoen
Department of Earth and Planetary Science, University of California, Berkeley

The significance of shales as unconventional hydrocarbon reservoirs, nuclear waste repositories,
and geological carbon storage has opened new research frontiers in geophysics. Among many of
its unique physical properties, elastic anisotropy has long been investigated by both experimental
and computational approaches. Here we present results for two classical examples where elastic
properties have been determined experimentally, Kimmeridge shale from the North Sea and
Cretaceous Muderong Shale from Australia. We compare experimental data with modeling
results based on self-consistent averaging using microstructural information. The microstructure
is quantified with TEM, SEM, X-ray microtomography. Of particular importance is
crystallographic preferred orientation distributions of phyllosilicate minerals that are based on
synchrotron X-ray diffraction experiments and the volume fraction and shape of pores. Preferred
orientation is very strong, with alignment of up to 6 multiples of a random distribution and this is
the main contribution to seismic anisotropy. Model results compare satisfactorily with values
derived from ultrasonic velocity measurements, confirming the validity and reliability of our
approximations and averaging approach. Major uncertainties on the modeling side are single
crystal elastic properties as well as quantitative assessments of pore distributions. On the
experimental side multiple path methods may better constrain elastic properties and we are
prepar