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Mechanisms and Rates of Reaction at Mineral-Water 
Interfaces from the Atomic to Pore Scales: Blending 

Simulation, Theory and Experiment.
Stack, Andrew G.

• New computational methodologies are enhancing our ability to determine the 
mechanisms of reactions too slow to be observed using direct simulation.

• Rigorous, quantitative comparison to neutron and X-ray scattering allows us to validate 
our computational models.

• Understanding the atomic-level reaction mechanisms allow us to build more robust 
predictive theories to predict growth rates of minerals.

• Small Angle Neutron and X-ray scattering allow us to observe into which pores 
precipitation preferentially occurs and model rates of precipitation.

• The improved fundamental understanding resulting from these activities will 
substantially enhance our predictive capability for mineral growth and dissolution 
reactions in a variety of energy-related geochemical systems.
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Mesoscale Growth Rates

Reaction Mechanisms on Surfaces
• Metadynamics and other “rare event theories”

allow us to use atomistic computational 
simulation to probe reactions too slow to be 
observed through direct simulation.

• We discovered the mechanisms of attachment
and detachment of aqueous barium ion at the
barite (BaSO4) surface in contact with water.

• Conventional treatment of mineral reactions 
often include only a single reaction step ­ we 
find multiple steps correspond to 
energetically and structurally distinct 
intermediate states.

• Activation energies for rate limiting steps, that
are different for attachment and detachment, 
precisely match macroscopic experimental 
estimates for growth and dissolution.

How do we know the predicted reaction 
mechanisms are correct?

• To be reliable, molecular Dynamics (MD) models must be calibrated to the structural, 
thermodynamic and kinetic properties of the systems of interest.  Stack, A. G.; Gale, J. D.;
Raiteri, P.; (in press) Elements.

• Quasi-Elastic Neutron Scattering (QENS) yields the water exchange rates of the mineral 
surfaces.  Neutron Scattering with Isotopic Substitution (NDIS) allows us to obtain 
coordination environments for aqueous ions and X-ray Reflectivity (XR) is used for 
mineral-water interface structure.
QENS Data: Water adsorbed to barite 

nanoparticles
MD probability isosurfaces for water 

adsorbed to the barite {001}
Comparison of QENS diffusional 

motions and MD water exchange rates

Ba, S, O(sulfate), O(water) high prob., O(water) low prob.

The Effects of Pores
• Small Angle Neutron and X-ray scattering (SANS, SAXS) allow us to monitor changes as 

a function of pore size during precipitation.

• A model porous material was used: controlled pore glass (CPG), which contains 75 Å 
nanopores and intergranular spaces (macropores).  This was compared to a natural 
limestone sample.

• Fit SAXS curve with Core-Shell model to model occlusion of a nanopore with CaCO3

during precipitation reaction. 

• Peak growth rate is consistent with predictive model (above).
SAXS Data & Model:  CPG Functionalized with Anhydride-Terminated Self-

Assembled Monolayer under SI = 0.75, [Ca2+]/[CO32-] = 90
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Preliminary SANS Data:  CaCO3

precipitation in limestone
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Changes in scattering 
with different solutions

• Once the atomic-scale reaction mechanisms are known, their concepts need to be 
incorporated into models capable of explaining macroscopic mineral reaction rates.

• Flow-through Atomic Force Microscopy (AFM) is used to measure rates of 
monomolecular step velocities and densities (equivalent to the intrinsic reaction rate of 
surface sites and the reactive site density).

• A new theory, consistent with the atomic-level reaction mechanisms discussed above, is
being actively developed to predict these growth rates. 

       

 

 

  

 

  
 

Figure 4.  Poisoning of gro e by strontium.19  Left)  AF
strontium.  Center)  Model for why str tium poisons growth of calcite.  Right)
monomolecular step velocities.  A [Sr ]/[Ca2+] ratio of ≳ 1 substantially reduces gr
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Feasibility of In Situ Sequesteration of Toxic Metals in 
Flowback Water from Hydraulic Fracturing. 
Andrew G. Stack Chemical Sciences Division, Oak Ridge National Laboratory 

Introduction Case Study:  Calcite growth rates. 

• Barium (Ba2+) is a toxic metal present in some
produced oil and gas field waters at levels of several 
thousand mg/L,6,2 far exceeding the EPA Maximum 
Contaminant Limit (MCL) of 2 mg/L. 

constrained. 

(PA) contain up to 18,000 pCi/L dissolved radium 

(Ra2+),6 far exceeding the MCL of 5 pCi/L.   


• Radium is the primary Naturally Occurring 
Radioactive Material (NORM) in these fluids.3,4  Some 
produced water from wells in the Marcellus shale 

• Subsurface • uids produced as wastewater in Macroscopic growth rates and morphologies are driven by atomic-scale reactions at
hydrofracturing activities, particularly from shale mineral-water interfaces, but reaction mechanisms are poorly understood.

produced toxic and radioactive metal contaminants, • Subsurface environments also affect these reactions through interfacial phenomena
 such as barium and radium.  and transport of reactants within a porous media; these effects are similarly not well 

• These hinder predictive model development for processes in the subsurface.
Traditional models are often not able to make predictions outside of the conditions to 

• We are focusing on identifying reaction mechanisms for mineral growth and use these
to build a predictive model for the growth of sparingly-soluble, ionically-bonded 

• These minerals are important in energy-related environmental and industrial settings:

fl

formations, are resulting in significant amounts of 

1-5

which they were calibrated. 

minerals (CaCO3, BaSO4). 

Figure 1.  Barite scale in a pipe used to carry oil. 
• Barite (BaSO4) ‘scales’ in wellhead and borehole (http://theoildrum.com) For example, mineral trapping during carbon sequestration forms carbonate minerals 

equipment can also be radioactive due to radium and the engineered precipitation of minerals in the subsurface is a possible method to 
incorporation.2sequester toxic metal contaminants such as barium, strontium-90 and radium-226. 

• Current practice is to treat the contaminants in produced waters on the surface, but 
municipal and industrial water treatment plants are not currently equipped to deal with
some of the contaminants.7  Instead of above-ground treatment, a possible strategy may be
to induce precipitation of mineral phases containing the contaminants directly in the 
subsurface, reducing treatment of flowback water at the surface. 

What are the sources of the metals? 
• Barite is present in Marcellus shale and related formations as nodules, veins, replacement

crystals.  Its sulfur and oxygen isotope ratios don’t match seawater.  Its source could be from 
hydrothermal springs during early diagenesis and has been remobilized.8

• Radium is a product of radioactive decay of uranium, which in turn is enriched in shales,
likely caused by the shale’s reducing environment (uranium reduction causes precipitation 
of UO2) and high organic matter (which complexes uranium). 

Can we induce precipitation to reduce toxic metals? 
• Barium and radium sulfates have very low solubilities

(Figure 2).  
• Radium readily substitutes for barium in barite.  The

mobility of Ra2+ is entirely dominated by a disordered 
(Ra,Ba)SO4 barite phase.10

• Evaporation followed by crystallization has been used 
as an above-ground treatment strategy, but not for 
hydraulic fracturing flowback water.11 This method 
has high energy costs and large capital costs.5

• These costs may be reduced substantially for in situ 
sulfate mineral precipitation.  This is due to the low 

Figure 2.  Logarithm of the solubility solubilities of barium and radium sulfates, and that 
product (Ksp) of sulfate minerals as a the flowback waters are high in cations but low in 
function of temperature.  Barite and RaSO4 sulfate, indicating sulfate concentration is limiting 
have very low solubilities.9 precipitation (Table 1). 
Table 1: Example Flowback Water • In situ sequestration has been proposed for other
Compositions5 types of contamination, e.g., strontium and uranium. 

12,13 

• The key for in situ precipitation is the rate of reaction.
A precipitation that occurs too rapidly after injection
will clog porosity near well screens and reduce
permeability,14,15 a precipitation rate that occurs too
slowly will not remove the contaminants before the
flowback water is brought to the surface.  This will
lead to scale formation and require above-ground
treatment.

• Precipitation rate depends on both saturation state
and the aqueous cation-to-anion ratio (Figure 3).16,17

• Traditional geochemical models don’t account for
this, they only consider saturation state.
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Figure 3.  New mineral precipitation model. 18 Left) Growth rates of CaCO3 are measured on single crystals using the
atomic force microscope (AFM).  The velocities and densities of monomolecular steps are measured.  Center) These 
are combined into a model that predicts rates of growth per unit surface area.  Right)  Measured data points and 
model prediction, along with 95% Confidence Intervals and growth rate in porous media. 

• Process-based precipitation models can successfully predict the dependence of growth rate
on changing cation-to-anion ratio.  

• Other ions in solution can poison growth of certain phases, e.g., strontium inhibits growth
of CaCO3 when the [Sr2+]/[Ca2+] ≳ 1 (Figure 4).  Will flowback water compositions inhibit 
growth of (Ra,Ba)SO4? 
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• How do the components of the fracturing fluid affect precipitation rates?  These include
viscosity modifiers, scale inhibitors, proppants etc.  Scale inhibitors in particular will likely
not be possible to use for an in situ precipitation technique.  How will this affect scale
formation of other phases (such as CaCO3)? 

The effects of pores on precipitation. 
• Precipitation in porous media may be affected by the size of the pores in which the

precipitation is occurring (Figure 5).  Permeability will be most impacted by precipitation in 
larger pores.  How will precipitation be affected in shales? 

Figure 5.  Small Angle X-ray and 
Neutron Scattering (SAXS, SANS) 
of CaCO3 precipitation in pores.20

a)  SAXS data in controlled pore
glass (CPG), an amorphous silica 
with well defined nanopores and 
intergranular spaces 
(macropores).  b)  CPG 
functionalized with a anhydride-
terminated self assembled 
monolayer, known to promote 
nucleation.  Precipitation is 
observed in nanopores.  c) 
Modeling of results from b, 
whose maximum rate matches 
AFM model (Figure 4).  d) SANS 
of precipitation in limestone, 
which behaves similarly to b. 

Summary 
• While preliminary data is encouraging, many questions remain before the feasibility of in

situ precipitation can be established.  These include the effects of other dissolved species in
the flowback water, the composition of the flowback water itself, and the effects of pores.
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