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ABSTRACT:

In recent years, seismicity rates in the US have dramatically risen due to increased activity in
onshore oil and gas production. This project attempts to tie observations about induced
seismicity to dehydration reactions in laumontite, a common mineral found in fault gouge in
crystalline basement formations. It is the hypothesis of this study that in addition to pressure-
related changes in the in situ stress state, the injection of wastewater pushes new fluids into
crystalline fault fracture networks that are not in chemical equilibrium with the mineral
assemblages, particularly laumontite in fault gouge. Experiments were conducted under
hydrothermal conditions where samples of laumontite were exposed to NaCl brines at different
pH values. After exposure to different fluid chemistries for 8 weeks at 90° C, we did not observe
substantial alteration of laumontite. In hydrostatic compaction experiments, all samples
deformed similarly in the presence of different fluids. Pore pressure decreases were observed at
the start of a 1 week hold at 85° C in a 1M NaCl pH 3 solution, suggesting that acidic fluids
might stabilize pore pressures in basement fault networks. Friction experiments on laumontite
and kaolinite powders showed both materials have similar coefficients of friction. Mixtures with
partial kaolinite content showed a slight decrease in the coefficient of friction, which could be
sufficient to trigger slip on critically stressed basement faults.

INTRODUCTION:

Since 2009, the seismicity rate in the midcontinent US has increased by three orders of
magnitude, posing a large threat to the region [Ellsworth, 2013; Keranen et al., 2013; Keranen et
al., 2014]. The increase in seismicity has been tied to high volume disposal wells, that inject
flowback and produced water from oil and gas wells, as well as a handful of events linked to
hydraulic fracturing [Friberg et al., 2014; Keranen et al., 2013; Keranen et al., 2014; Skoumal et
al., 2015]. Earthquakes are concentrated in Oklahoma, but seismicity associated with
unconventional resources has been observed in Ohio, Kansas, Colorado, Arkansas, California,
Texas, and the UK [Clarke et al., 2014; Ellsworth, 2013; Goebel et al., 2016; Kim, 2013;
McMahon et al., 2017; McNamara et al., 2015; Van der Elst et al., 2013]. Observed events are
anywhere from magnitudes of -2 to 5.8, large enough to cause structural damage. Magnitude 5+
events have occurred within kilometers of Cushing, Oklahoma, a major crude oil pipeline and
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storage hub [Holland, 2013; McMahon et al., 2017; Norbeck and Rubinstein, 2018]. The
earthquakes are believed to be triggered by elevated fluid pressures from injection wells as large
volumes of fluids have been injected at high pressures into formations overlying the crystalline
basement [Hel/mold and van de Kamp, 1984; Holland, 2013; McNamara et al., 2015]. Injected
fluid volumes are sufficient to create 3 mm/year surface uplift up to 8 km away from high
volume injection wells [Shirzaei et al., 2016]. In many cases, seismicity can be delayed by
decades from the onset of injections, large volumes of fluids can be injected without affecting
seismicity, and seismicity rates can remain elevated even after injection stops [Goebel et al.,
2017; Norbeck and Rubinstein, 2018]. Studies have shown that hypocenters from the induced
events are 2-8 km deep, located on preexisting fault systems in the crystalline basement beneath
sedimentary basins [Friberg et al., 2014; Holland, 2013; Keranen et al., 2013; Kim, 2013;
McMahon et al., 2017; McNamara et al., 2015; Skoumal et al., 2015]. Some events occur in
sedimentary cover, but the vast majority of energy released is from slip on basement faults
[McMahon et al., 2017]. The injected fluids increase pore pressure in basement fault and
fracture networks, allowing them to slip under current in situ stresses. Geologic factors have
been identified that control the location of induced seismicity. Thick sedimentary covers (>4km)
lack injection related seismicity as more permeable sedimentary formations diffuse injected
fluids before they can pressurize basal faults [Shah and Keller, 2017]. Basement lithology is
also important, as undeformed extrusive basement formations do not display the elevated seismic
activity like faulted and fractured intrusive and metamorphic basement formations [Shah and
Keller, 2017].

Disposal wells have been linked to seismic activity on basement faults as far back as the
1960’s with induced earthquake swarms at the Rock Mountain Arsenal [D M Evans, 1966; Healy
et al., 1968]. Within 6 years, large events had migrated 10 km from the injection point. Events
tracked injection rates and decayed after injection stopped. Seismicity continued for two decades
after injection ceased, cumulating in a magnitude 4.3 event that occurred in 1981 [Ellsworth,
2013]. Scientific drilling projects and enhanced geothermal projects have also demonstrated
seismicity associated with elevated fluid pressures in crystalline basement fault and fracture
networks [Erzinger and Stober, 2005; Hdring et al., 2008; Jahr et al., 2008; Meller and
Ledésert, 2017; Shapiro et al., 2006; Stober and Bucher, 2005; 2015]. At the German Deep
Drilling Site, KTB, a 9 km deep well was drilled into the crystalline basement that intersected
two dominant fault systems at 4 km and 7.2 km depth. Long term hydraulic experiments were
conducted to investigate induced seismicity on a continental scale fault system from 2002-2005
[Stober and Bucher, 2005]. For the first year, 22,300 m® of fluids were produced from the 4 km
deep fault network, during which seismicity was absent [Stober and Bucher, 2015]. Over the
next ten months, 84,600 m® of water was injected back into the 4 km deep fault network [Stober
and Bucher, 2005]. Pore pressure in the fault system changed by as much as 10 MPa, resulting
in 3.1 mm of uplift observed above the injection point due to induced deformation [Jahr et al.,
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2008]. Seismicity began when the injected volume roughly equaled the withdrawn volume
[Shapiro et al., 2006]. According to diffusivity estimates of the fault network, elevated pore
pressures of 0.001 — 0.1 MPa were present at induced hypocenters [Shapiro et al., 2006]. These
observations demonstrate that basement faults are highly sensitive to small pore pressure
increases, and that fault-fracture networks form high permeability hydraulic pathways capable of
advective transport in otherwise impermeable formations [Shapiro et al., 2006]. At the St.
Gallen deep geothermal project in Switzerland, seismicity initiated within 80 minutes of
hydraulic stimulation tests. The geothermal project was targeting permeable fault and fracture
networks, but hydraulic connections to deeper faults allowed for the reactivation of critically
stressed faults below the borehole and target intervals [Diehl et al., 2017]. Similarly, seismic
activity has been observed associated with stimulation projects at the Soultz-sous-Forets in
Alsace, France. Hundreds of micro-earthquakes were recorded during stimulation tests, but the
largest events occurred after shut-in [Hordlek et al., 2010]. Seismic source analysis of
magnitude 1.4+ events indicate slip on pre-existing faults as opposed to hydraulic fracturing
[Horalek et al., 2010]. Locations of seismic events are partially controlled by mineralogy
[Meller and Ledésert, 2017]. Clay filled fracture intervals had lower magnitude seismicity
compared to clay free fracture intervals, likely due to reduced frictional strength of clays and
their tendency towards aseismic deformation. Clay rich intervals were associated with high
calcite anomalies, suggesting that alteration formed due to late circulations of fluids enriched in
Ca"" and CO». Organic matter observed in fractures suggests a connection to surface waters
[Meller and Ledésert, 2017].

Observations of fault and fracture networks in exposed crystalline basement formations
demonstrate that faults and fractures that formed at depth are filled with hydrothermal alteration
products. Because faults and fractures are highly permeable and crystalline formations are not,
alteration is concentrated on fracture surfaces [Meller and Ledésert, 2017]. The type of
alteration product depends on the temperature and fluid history of the fault system. In situ brines
in basement formations often represent relic seawater trapped in the formation [Bucher and
Stober, 2010]. These brines are impacted by long-term fluid-rock interactions, and as a result
can have neutral to high pH, little to no dissolved CO2, and high levels of dissolved solids like
chlorides, sulfates, and bicarbonates [Bucher and Stober, 2010; Erzinger and Stober, 2005;
Gascoyne and Kamineni, 1994; Stober and Bucher, 2015]. In the upper continental crust
(temperature <250° C) secondary Ca-Al silicates like epidote, prehnite, and zeolite are predicted
alteration products between granites and brines [Mironenko and Zolotov, 2012; Savage, 1986].
The zeolite laumontite is one of the most common alteration products of plagioclase feldspar, a
major constituent of granite and gneisses that make up the crystalline basement and continental
crust [Savage, 1986; Trotignon et al., 1999; Weisenberger and Bucher, 2010]. In basement
formations with hydraulic connections to the shallower aquifers and meteoric derived fluids,
dissolved solids levels are lower, pH is lower, and CO; activity is higher. In these systems,
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fractures are filled with clay minerals like montmorillonite, kaolinite, illite, and smectite
[Schleicher et al., 2006; Zwingmann and Mancktelow, 2004]. In northeastern Oklahoma,
seismicity correlates to different basement geology [Shah and Keller, 2017]. Seismicity is
absent where the basement is composed of undeformed extrusive rocks, mafic intrusions, and the
Osage microgranite, a small granite batholith devoid of plagioclase [Denison, 1981].
Earthquakes occur within highly deformed, plagioclase-rich granites and granitoids of the
Central Oklahoma granite group, the inferred Midcontinental rift, and the western part of the
Spavinaw granite [Denison, 1981; Shah and Keller, 2017]. Observations of fault and fracture
systems in granites suggest that the Oklahoma basement faults should be permeable hydraulic
conduits, susceptible to reactivations, and at P-T conditions to form hydrothermal reaction
products in fractures.

Laumontite is a framework aluminosilicate mineral composed of rings of SiAlO4
tetrahedra. These rings link to form a cage like structure that create cavities and channels that
allow for easy transport and/or exchange of ions. Bonded water is loosely attached to the interior
of'the cage structure and can be easily removed or replaced without affecting the framework
bonds [Gottardi and Galli, 1985]. Laumontite has been observed as fracture fill in freshly
exposed granites in the Alps, but it has also been observed in several characteristic locations
[Chipera and Apps, 2001; Hay, 1966; Weisenberger and Bucher, 2010]. It is associated with
large scale faults in California in the San Andreas fault system [Hel/mold and van de Kamp,
1984; Schleicher et al., 2009; Solum et al., 2006; Vincent and Ehlig, 1988]. It has been observed
in the San Gabriel and Punchbowl fault cores that were active at depths of 2-5 km; heavily
altered portions of the San Gabriel fault have several generations of laumontite veins [J P Evans
and Chester, 1995]. Laumontite veins have also been observed in the Cajon Pass formation that
likely formed at 2.5-3.5 km burial depth [Vincent and Ehlig, 1988]. Laumontite is not observed
in shallower formations, indicating that alteration could have been caused by upwelling of hot
fluids at depth that would have been sealed by a lacustrine member of the Cajon Pass formation
[Vincent and Ehlig, 1988]. Laumontite was also found at depth along the San Andreas fault
[Schleicher et al., 2009; Solum et al., 2006]. It is present both in the formations along the fault
and in fault gouges formed in situ in the active trace of the fault. In the Western Transverse
Ranges, California, deeper fluids upwell at the surface in a series of hot springs, creating unique
conditions that allow laumontite to form above ground at the Sespe Hot Springs [McCulloh et
al., 1981].

Laumontite is formed during albitization of plagioclase feldspar at temperatures from ~75-250°
C [Crossey et al., 1984; Helmold and van de Kamp, 1984; Ivanov and Gurevich, 1975]:
NaAlSi308 * CaAlzsizag + 25':02 + 4’H20 - NaAlSl308 + CaAl25i4012 * 4H20 1)
Plagioclase + Quartz + Water — Albite + Laumontite.
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In the presence of pore fluids with high CO activity, laumontite dehydrates to form calcite and
kaolinite:

CaAl,Si, 04, - 4H,0 + CO, - CaC05 + Al,Si,0s(OH), + 25i0, + 2H,0 2)
Laumontite + Carbon Dioxide — Calcite + Kaolinite + Quartz + Water.

In low pH fluids, laumontite will also dehydrate to form kaolinite:

CaAl,Si 04, - 4H,0 + 2H' - Al,Si,05(0OH), + 25i0, + Ca?* + 3H,0 3)
Laumontite + Hydrogen ions — Kaolinite + Quartz + Calcium + Water.

Reaction 2 results in a volume decrease of 10%, and reaction 3 results in a volume decrease of
28% [Crossey et al., 1984]. Excess water is also generated during these reactions, which could
create an increase in pore pressure depending on the kinetics of the reaction. The higher
temperature dehydration reaction of laumontite to wairakite has been studied, and this reaction
generates excess pore pressure that could trigger seismicity [Hacker, 1997; Jove and Hacker,
1997; Liou, 1971]. The lower temperature dehydration reaction to kaolinite has limited
investigations [Savage et al., 1993]. Dissolution experiments on laumontite have demonstrated
that dissolution is non-stoichiometric and surface controlled [Voltolini et al., 2012]. CO,
percolation experiments in laumontite cemented sandstones have demonstrated that this
dehydration reaction can occur quickly (1-week experiments), and it can affect hydraulic
properties. Kaolinite precipitated along laumontite grain surfaces and fracture walls, clogging
pore throats and reducing permeability [Luquot et al., 2012].

The mineralogical composition and mechanical behavior of fault gouge in major active
faults has been the focus of many investigations to understand its influence on fault seismicity
and creep deformation [Lockner et al., 2011; Moore and Lockner, 2007; Moore and Rymer,
2007; Morrow et al., 2017; Saffer et al., 2012; Solum et al., 2006; Tembe et al., 2010]. The
influence of mineral dehydration and the build-up of fluid pressure has also been proposed as a
potential mechanism in weak fault behavior and induced seismicity [Hacker, 1997; Jove and
Hacker, 1997]. Others have proposed that the inherent occurrence of “weak” minerals in fault
gouge is the main control to the fault’s weak behavior as observed in some segments of the San
Andreas Fault (SAF) [Zoback, 2010]. Pressure-temperature stability relations of hydrous clay
and zeolite minerals could play an important role in the fault frictional behavior. Moreover, the
stability of these minerals is also controlled by the local fluid chemistry interacting with these
phases and gouge material [Blanpied et al., 1998; J P Evans and Chester, 1995; Jove and
Hacker, 1997; Moore and Rymer, 2007; Morrow et al., 2000]. Therefore, the application of
thermodynamic analysis to fluid-mineral equilibria can be useful in the evaluation of phase
stability at various conditions of pressure, temperature, and fluid composition. In this report, we
focus this analysis on the equilibria between laumontite (Imt) (CaAl,Si,O ,*4H,0), partially-

dehydrated laumontite or “leonhardite” (“leonh”), and kaolinite (kaol). We also evaluate stability
relations in the absence and presence of COx> to assess the relative stability of calcite with respect
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to Ca-bearing solutions. It should be noted that the mineral name “leonhardite” has been
discredited by the International Mineralogical Association, Subcommittee on Zeolites [ Coombs
et al., 1997], and it’s used here in quotes referring to partially-dehydrated laumontite.
Laumontite is a common zeolite facies mineral found in fracture fillings as a result of the
alteration of volcanic material and Ca-bearing feldspar [Jove and Hacker, 1997]. This mineral is
ideal to study dehydration reactions given its simple mechanism of dehydration with
temperature.

Dehydration reactions can create complicated interactions between fault slip, fracturing,
and chemical reactions. Serpentinite is predicted to begin dehydration reactions at the depths
where seismicity occurs along subduction zones [Brantut et al., 2011; Hacker, 1997; Okazaki
and Hirth, 2016], and the dehydration of gypsum is a low temperature analog for serpentinite
reactions [Ko et al., 1995; Wong et al., 1997]. Studies have demonstrated that dehydration can
release substantial pore fluids, in excess of 100 MPa and volume strains over 20% [Ko et al.,
1997; LlanalFunez et al., 2007]. The reaction can also induce a fracture network, changing the
microstructure of the rock. As the reaction initiates, pore pressure increase and generate
fractures[Ko et al., 1997; Olgaard et al., 1995]. Coalescence of these fractures create permeable
networks that drain excess pore fluids [French and Zhu, 2017; Leclere et al., 2016; Milsch and
Priegnitz, 2012]. High pore pressures inhibit the dehydration reaction, so the permeable
channels create positive feedback to complete the dehydration reactions [Malvoisin et al., 2017].
In experiments, reactions initiate at drained ends of samples along slip planes in friction
experiments [Leclere et al., 2016; Miller et al., 2003; Milsch and Priegnitz, 2012]. Generation
of pore pressures lowers normal stress and triggers slip.

Induced seismicity is associated with high volume injection wells disposing of used
hydraulic fracturing fluid and produced waters from unconventional reservoirs into formation
directly overlying the basement. Injected wastewater differs from basement fluids in two critical
ways: injected fluids tend to have low to neutral pH and moderate to high levels of CO»

[Gregory et al., 2011; Ramudo and Murphy, 2010]. Fluids are treated with mild acids to dissolve
carbonate minerals in fractures and prevent the development of scale [ Gregory et al., 2011].
After stimulation, fluids are flown back and are further altered by interactions with the shale
reservoirs. Production of oil and gas from shales also creates high volumes of produced waters
for disposal. Studies have shown that fluids become increasing acidic with production [Barbot et
al.,2013; Lester et al., 2015].

Observations of crystalline basement demonstrate that fault-fracture systems are
permeable networks capable of advective transport [Stober and Bucher, 2015]. Injecting large
volumes of fluids into sedimentary formations in hydraulic connectivity with basement faults
would push new fluids along these networks, changing the fluid-rock equilibrium. The fractures
are filled with hydrothermal alteration products like laumontite, which is unstable in the presence
of fluids with low pH or high CO; contents [Helmold and van de Kamp, 1984; Luquot et al.,
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2012]. This dehydration reaction could affect seismicity in several ways: the reaction products
have lower coefficient of frictions than laumontite, lowering the shear strength of the fault;
generation of excess pore fluids could raise pore pressures to trigger slip; volume decreases of
the dehydration reaction could increase pore volume and inhibit slip; precipitation of kaolinite at
pore throats could reduce permeability and create local spikes in pore pressure; or higher pore
volumes could increase permeability to diffuse pore pressure spike [Bernaudin and Gueydan,
2018; Miller et al., 2003; Moore and Lockner, 2013; Morrow et al., 2000; Scuderi et al., 2017,
Tembe et al., 2010]. In this study, we conducted experiments on laumontite under different pH
fluids to determine the kinetics of its dehydration reaction and resulting mechanical response to
assess its potential impact on induced seismicity.

DETAILED DESCRIPTION OF EXPERIMENT:

Thermodynamic modelling

Analysis of stability relations requires retrieval of thermodynamic data for the phases of
interest. Thermodynamic data for laumontite and “leonhardite” was obtained from the analysis
of Neuhoff and Bird [2001]. Data for kaolinite is from the THERMODDEM database [Blanc et
al.,2012]. Thermodynamic analysis of chemical reactions and generation of activity phase
diagrams was conducted using the CHNOSZ software [Dick, 2008]. This open source software
(developed in R language) includes multiple functions and data to conduct chemical
thermodynamic modeling covering large sets of chemical species for biochemistry and
geochemistry. It also accepts standard thermodynamic data parameters for mineral, aqueous
species, and gases like the SUPCRT92 computer code. Thermodynamic data tabulated by
Neuhoff and Bird [2001] was added to the CHNOSZ mineral database along with heat capacity
coefficients for extrapolations as a function of temperature. The phase transition of laumontite to
“leonhardite” was constrained after the analysis of Neuhoff and Bird [2001] based on
calorimetric measurements.

Material

The laumontite used in this study was collected from outcrops in California obtained
from commercially available sources. Two different grain size fractions were used in this study:
a fine powder (pharmaceutical grade laumontite) and a granular sand. Fine grained powders
were used in chemical kinetics experiments, and granular samples were used in chemical kinetics
experiments and compaction experiments. Friction experiments were performed with fine
grained laumontites mixed with kaolinite powders to simulate different stages of completion for
dehydration reactions.

To separate laumontite from the mineral mixture received, we used density separation.
This method allows for mineral separation from their mixture: minerals are suspended in a dense
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fluid, resulting in lighter mineral components floating, and heavier components sinking. Sodium
polytungstate solution (NaPT) was diluted to the target density of 2.5 g/mL. Mineral mixture of
fine-grain laumontite was suspended and either centrifuged, or allowed to separate overnight by
settling. The lighter fraction (floating fraction) was collected and washed with de-ionized H2O.
Since laumontite was the lightest mineral among the identified components, our expectation was
that it would be enriched in this separated fraction.

Solid-phase analysis.

To identify crystalline phases in the received laumontite materials and in altered mineral
mixtures, randomly oriented dried sample powders were analyzed by powder X-ray diffraction
(XRD). We used a D2 Phaser Research Diffractometer (Bruker) equipped with a Cu (Ko A =
1.54277 A) X-ray tube with the generator set at 30 kV and 10 mA. Scans were collected from 5
to 75 degrees 20 and a counting time of 1 second per point at 0.1-degree step size. Search/match
protocol was used to identify mineral phases, with ICDD 2017 crystal structure database. The
proportions of different minerals in the samples were determined using semi-quantitative XRD
analysis via relative peak intensities routine embedded within the Eva software (Bruker).

Alteration experiments.

Seven alteration experiments were run to quantify mineralogical transformations that
laumontite mineral mixtures undergo at different pH values, with and without carbon dioxide
(CO3). These alteration reactors included:

Powdered laumontite in de-ionized H2O

Powdered laumontite in 1M NaCl at pH 3

Powdered laumontite in 1M NaCl at pH 6

Powdered laumontite in 1M NaCl, initially at pH 6 with CO-

Granular (< 0.425 mm) laumontite in 1M NaCl at pH 3

Granular (< 0.425 mm) laumontite in 1M NaCl at pH 6

Granular (< 0.425 mm) laumontite in 1M NacCl, initially at pH 6 with CO;

SON A s D R

Two grams of mineral mixtures were loaded into Parr reactors, then 50 mL of either de-ionized
water or 1M NaCl were added. Carbon dioxide, in the form of dry ice, was added in the amount
of 40 grams to the reactors #4 and #7. Reactors were set in an oven at 90 °C for 8 weeks. The
reactors were inverted daily to allow mixing of their content. When alteration experiment was
completed, reactors were cooled to room temperature, and then solid and aqueous phases were
separated. Aqueous phase was filtered using 0.45 um nylon membrane filter, and preserved by
the addition of 6N ultrapure HNO3.

Aqueous phase analysis.

Concentrations of dissolved calcium (Ca), magnesium (Mg), potassium (K), strontium
(Sr), silicon (Si1), aluminum (Al), and iron (Fe) were quantified using inductively coupled plasma
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mass spectrometer (ICP-MS), using NexION 350D instrument. The combined dilution and
analytical errors were <10%, except for Ca and K, where only qualitative values were obtained.
The calibration curves for each analyte were constructed using standard solutions made fresh for
each analytical run.

Hydrostatic compaction experiments.

Grain packs of sieved laumontite with grain sizes 0.425 to 1 mm were deformed
hydrostatically under hydrothermal conditions to observe pressure related changes due to
chemically induced dehydration reactions. Samples were prepared using granular laumontite
poured into preformed jacketing to form samples 26mm in diameter, and 29 mm long. Hastelloy
frits were used on both ends of the sample to contain the loose grains and distribute pore fluids
evenly across the ends of the sample at pressure. A three-layer jacket procedure was used to
isolate the sample from the confining pressure and minimize diffusion of water that could occur
at high temperatures and extended time periods. A 0.05 mm thick annealed nickel foil was
sandwiched between two 0.5 mm thick PTFE Teflon layers. The jackets were secured to the end
caps with two nickel-chromium tie wires. Titanium end caps were used to minimize corrosion
during experiments (Figure 1a).

a) 4_/Titanium Endcap

. Nickel-chromium Tie Wire

PFA Teflon Jacket

-

b)
— &= Nickel Foil Steel End Cap
- Hastelloy Frit UV Cure Urethane

X - -

: “ —

‘ ;,/ ‘ 4/ O-Ring

E — ! b P“il  Polyolefin Jacket

I i : iw”_ Steel Forcing Block

E ! £ Laumontite/Kaolinite
|| Laumontite ||:

| C—.

Figure 1. Sample geometry used in a) compaction and b) friction experiments.
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Samples were deformed using a Newport Scientific SuperPressure hydrostatic vessel.
Samples were initially loaded to 1.7 MPa confining pressure, Pc. Pore fluid was introduced into
the sample via an Isco syringe pump from the bottom of the sample to ensure even saturation.
Pore fluid pressure, Pp, was increased to 0.7 MPa. Pc was increased to 8.6 MPa and Pp was
increased to 6.9 MPa, making sure that effective pressure, Pr=Pc-Pp, never exceeded 1.7 MPa.
Pc was increased to 126.9 MPa, and Pp was held at 6.9 MPa to monitor the change in pore fluid
volume. Pg was held at 120 MPa for 1 hour, and Pc was reduced to 81.9 MPa while Pp
remained at 6.9 MPa. Temperature was increased to 85° C using silicone heater blankets on the
outside of the vessel. Once at temperature, the pore fluid Isco pump was valved off, and a HiP
screw driven pressure generator was used to maintain a constant pressure value, measuring
changes in pore volume at high resolution. The sample was allowed to creep at 75 MPa Pr and
85° C for 1 week. The initial loading overcompacts the sample to prevent creep from
mechanical loading the 1-week hold. Any volume changes observed during the elevated
temperature step should result from fluid-rock interactions. Experiments were conducted using
the same pore fluids as the PARR experiments: DI H>O, 1M NaCl pH 9, 1M NaCl pH 6, and 1M
NaCl pH 3, all fluids equilibrated with atmospheric CO> pressures. After experiments, samples
were vacuum impregnated with rhodamine dyed low viscosity epoxy and prepared into thin
sections. An additional experiment was performed dry without the creep period to determine the
porosity after mechanical loading. Thin sections were investigated using a petrographic
microscope and scanning electron microscope, SEM. SEM observations and analyses were
conducted with a TESCAN Vega3 Scanning Electron Microscope operated at 20.0 kV.
Elemental analyses using the TEAM EDS system were also conducted to aid in identifying
minerals of interest.

Friction experiments.

Friction experiments were conducted on fine grained laumontite — kaolinite mixtures to
understand changes in fault strength to dehydration reactions. Samples were prepared as
different percentages by weight: 100% laumontite, 75% laumontite — 25% kaolinite, 50%
laumontite — 50% kaolinite, 25% laumontite — 75% kaolinite, and 100% kaolinite. Rigid steel
forcing blocks were used to deform the mixture as simulated fault gouge under triaxial
compression loading. 12.5 mm diameter steel cylinders with a 35° inclined face were used as
forcing blocks; the inclined face of the blocks were machined with fine grooves to prevent
slippage at the interface of the gouge. 0.3 — 0.7 g of powders were applied evenly across the face
to create a 3-mm thick layer. The ends of the steel blocks were lubricated with a mixture of
Vaseline and stearic acid to minimize friction with the endcaps. Samples were jacketed with 3
layers of heat shrink polyolefin tubing. The inner two layers were applied over the steel forcing
blocks. The outer layer was sealed the sample to the endcaps over O-rings to form an
impermeable seal (Figure 1b). The endcap — sample union was coated with a UV cure urethane
for additional protection. In order to establish a steady state sliding condition in these samples
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with limited displacement, a Pc reduction load path was employed. Samples were loaded
hydrostatically to 30 MPa, and then loaded axially to 75 kN. The axial load, ox, was held
constant while Pc was lowered to 1.7 MPa. oy was lowered, and Pc was returned to 30 MPa.
The next stage of loading deformed the sample a constant normal stress, o5, while shear stress, 7,
was allowed to vary in order to calculate the coefficient of friction, 4, where

T = (04 — P;)sinfcosb, 4)
0, = Pc+ (04 — P;)sin® 6, 5)
and

H= T/an- 6)

@ 1is the angle of the face of the forcing blocks, 35°. The sample was deformed at a constant axial
displacement rate while Pc was continuously adjusted to maintain a constant o;,. All
experiments were performed at 30 MPa o,. Axial displacement rates were stepped between
0.01, 0.001, and 0.0001 mm/sec. 100 and 1000 second holds were also employed were the axial
displacement was stopped while maintaining a constant normal stress. Samples were displaced
at 0.001 mm/sec for 2 mm, displacement velocity was increased to 0.01 mm/sec, decreased to
0.0001 mm/sec, increased to 0.001 mm/sec, and then displacement was held for 100 seconds.
The samples were then deformed at 0.001 mm/sec, then 0.0001 mm/sec, 0.01 mm/sec, 0.001
mm/sec, and displacement was held for 1000 seconds. Samples were deformed at 0.001 mm/sec
to reestablish loading and then unloaded. Total deformation in the constant o portion of loading
was >4 mm.

RESULTS:

Laumontite reaction modelling

The current analysis assumes laumontite dehydration to produce kaolinite, SiO2q), Ca'™,
and H>O. Thermodynamic evaluation of these mineral assemblage equilibria can be described
using the equations 2 and 3 defined earlier. Figure 2 shows the logK of reactions (2) and (3) as a
function of temperature considering both COx(gas) and COz(q). The curves are computed along
the liquid-vapor saturation pressure of pure H2O. In this case we assume CaAbLSi4012¢3.5H20
(“leonh”) or “leonhardite” as the stable laumontite phase even at low temperatures. Notice that
the carbonate-absent reaction is favored with decreasing logK as temperature increases.
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Figure 2. LogK vs. temperatures for reactions (1) and (2) considering COx(gas) and COz(aq)

computed using the CHNOSZ software and thermodynamic for the laumontite phases from
Neuhoff and Bird [2001].

Using the required thermodynamic data for the laumontite phases to extrapolate as a
function of pressure and temperature, we can analyze dehydration reactions for these phases
given by the following reaction:

CaASi4012°4.5H>0 (Imt) = CaAL2Si4012°3.5H20 (“leonh”) + H20 4)
The mass action law expression for reaction (4) is given by:

A'leonh" AH20
K =

()

Aimt

Assuming unit activity for the end-member solids, Eqn. 5 can be used to relate the equilibrium
relative humidity (RH), a0, and the standard Gibbs energy of the reaction, K.
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phase at T> 46°C (Neuhoff & Bird, 2001)
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Figure 3. LogK profile as a function of temperature for reaction (3) using CHNOSZ and
thermodynamic given in Neuhoff and Bird [2001] — see text.

Figure 3 shows a plot of logK vs. temperature for reaction (4) where K is defined by Eqn.
(5). The transition from laumontite to “leonhardite” at a temperature of ~46°C is constrained by
the analysis of heat capacity data by Neuhoff and Bird [2001]. Although the precise temperature
at which this transition occurs is still debated [Fridriksson et al., 2003], the thermodynamic
analysis of Neuhoff and Bird [2001] advances data parameters consistent with laumontite
dehydration to “leonhardite” at ambient conditions. Further, these authors argue that the stable
laumontite phase to be considered in the analysis of zeolite stability relations at elevated
pressures and temperatures is “leonhardite”. It should be noted that the change in volume in
these reactions is also important to fluid generation and hence pore pressures but also to the
stability of other hydrous silicate phases.

This thermodynamic analysis can be extended to the generation of activity phase
diagrams to represent the stability relations of the mineral assemblage. Figure 4 depicts an
activity phase diagram based on the aCa**/a’?H" ratio as a function of temperature constructed
using CHNOSZ (with mosaic option). It captures transition of laumontite to “leonhardite” and
the stability relations with respect to kaolinite. The diagram assumes fixed activities of A1™"" and
Si0q) as well as pH allowing for mapping of phase stabilities for a wide range of compositions
as a function of temperature. Figure 4 shows that a Ca-deficient solution favors the formation of
kaolinite with increasing temperature. The amount of carbonate in this case is very small
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therefore calcite is not part of the assemblage. Changing the assumed activities of AI"™ and
Si02(aq) Will influence the size of the stability fields which is useful in the evaluation aqueous
component sensitivities to the occurrence of these phases.

1010 q
=
£
—_ = “leonhardite”
~T 5 J
©
.
+(0
O
©
A
(@)
kel

50 100 150 200 250 300
T,°C
Figure 4. Activity phase diagram of aCa""/a’H" ratio as a function of temperature showing the
predominance fields of the mineral assemblage of interest in the absence of CO,. The diagram is
constrained to a neutral pH and activities of AI""" and SiO2(aq) of 107.

Figure 5 shows a similar activity phase diagram but with the presence of carbonate allows
the formation of calcite. Notice the effect on the phase topology with the added phase. The
invariant point between “leonhardite”, kaolinite, and calcite located ~100°C but changes in the
diagram constrains (i.e., species activities) will shift it to other temperatures. Such equilibria
mapping is often useful in constraining fluid composition for a given mineral assemblage and the
design of experiments targeting specific reaction products. In this study, the formation of
kaolinite from laumontite appears to be feasible under moderate temperatures. This analysis also
show that carbonate-free conditions favor kaolinite formation. However, dissolution and
precipitation kinetics can play a key role in determining the extent of this reaction which at low
temperatures are known to be slow.
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Figure 5. Activity phase diagram of aCa**/a*H" ratio as a function of temperature showing the
predominance fields of the mineral assemblage of interest in the presence of CO,. The diagram
is constrained to a neutral pH and activities of AI"** and SiO»(q) of 107. The activity of CO3™
constrained to 107,

Characterization of materials

Two forms of “laumontite” mineral mixtures were received: fine grained powders, and
coarse grained granular form. Both mixtures contained only minor amount of laumontite, with
the main phase being albite (Figure 6, and Table 1).
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Figure 6. X-ray diffraction patterns for the received laumontite materials. Both powder and
granular materials are predominantly made of albite (see Table 1 for composition).

Purification procedure and characterization of purified phase

Laumontite powder received from the source contained albite, muscovite, laumontite, and
kaolinite (Table 1). The predominant phase in this mixture was albite. We performed density
separation, using sodium polytungstate solution (NaPT) to enrich laumontite phase in the sample.
The XRD patterns before and after the purification procedure are shown in Figure 7. The
purification procedure resulted in a decrease in the albite signal, however, heavy liquid
separation was not able to eliminate albite from the mineral mixture. Most notably, the
purification procedure led to a significant increase in the kaolinite fraction (Figure 7). Since
purification procedure did not significantly enrich laumontite fraction in the mineral mixture, we
used the received mineral powder “as is” for the alteration experiments.
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Figure 7. X-ray diffraction patterns for the laumontite powder before and after density separation,
using sodium polytungstate (NaPT).

Alteration experiments

A total of 7 alteration experiments were run, each lasting 8 weeks. At the completion of
the experiments, solid and liquid phases were separated and analyzed. The solid and aqueous
phases collected from the reactors indicate slight mineralogical alteration, which was dependent
on the aqueous composition of the reactors. The semi-quantitative results for the solid-phase
composition are shown in Figure 3 and Table 1. In de-ionized water, due to partial dissolution of
the parent mineral phases, new smectite-type phase was forming (Figure 8). In the other three
powder reactors, we observed the formation of a new fine-grained phase (vermiculite), which
was not detected in the un-reacted mineral powder.

The extent of dissolution was similar in all reactors, with slightly higher extent of
dissolution in the powder reactors at pH 3 and in the presence of CO, and in the granular reactor
with CO;. The presence of Ca in the solution is indicative of laumontite dissolution. Calcium
concentrations were higher in the powder reactors, compared to the granular reactors, consistent
with a higher abundance of laumontite in the powder mixture (Table 1). Similarly, in the
granular reactors a minor amount of vermiculite has formed following the alteration treatment
(data not shown). No kaolinite was observed in the granular reactors following the alteration
experiment.

T, U.S. DEPARTMENT OF

W ENERGY

Sandia National Laboratories



Built on

LDRD

Laboratory Directed Research
and Development

)

<

muscovite

49.5 /

——DIH20
———NaCl, pH 3
. NaCl, pH 6
395 laumontite
: / NaCl, pH 6 + CO2
29.5
wv
o
(8]
z $
@ ’% kaolinite
(]
2
=

195 ’w‘ /

vermiculite

95  smectite ( \ } \
‘ PN
\A 18 ~ ’\/ \\ f
/\/\ i f‘ 4 v\
\ / 7 \ -
A | .
05 LaRCARSALLA Necos.focd NP \ %4 ‘\ -
5 6 7 8 9 10 1 12 13 14 15

2 theta

Figure 8. X-ray diffraction patterns for the laumontite powder before and after alteration
experiments.

Table 1. Semi-quantitative mineralogical composition of laumontite mineral mixtures before and
after alteration experiments.

Reactor Laumontite, Albite, Muscovite, Kaolinite,
CaAlLSisO1224(H20) | NaAlSi:Os | KAL(SisA)O10(OH,F)2 | Al2Si20s(OH)4
wt. % wt. % wt. % wt.%
Powder reactors
Laumontite powder 8.0 69.0 17.7 53
1. Powdered laumontite 10.2 59.4 21.9 8.5
in de-ionized H,O
2. Powdered laumontite 8.4 58.9 27.3 5.4
in IM NaCl at pH 3
3. Powdered laumontite 5.5 56.3 32.6 5.6
in 1M NaCl at pH 6
4 Powdered laumontite 9.1 64.8 18.9 7.2
in IM NaCl, initially at
pH 6 with CO»
Granular reactors
Unreacted \ 3.1 | 935 | 2.8 \ 0.5
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5. Granular (< 0.425 0.9 93.7 5.4 0
mm) laumontite in 1M
NaCl at pH 3

6. Granular (< 0.425 0.4 94.2 5.4 0
mm) laumontite in 1M
NaCl at pH 6

7. Granular (< 0.425 1.1 97.3 1.6 0
mm) laumontite in 1M
NaCl, initially at pH 6
with CO»

Table 2. Aqueous composition of the reactors after the alteration experiment. Sodium and
chloride are not reported.

Ca? Mg K? Si Fe Al Sr

Sample Id (ppb) (ppb) | (ppb) | (ppb) | (ppb) | (ppb) | (ppb)

1. Powdered laumontite

in de-ionized H>O 921 147 956 35933 8 73 20
2. Powdered laumontite

in IM NaCl at pH 3 8546 2644 3163 34521 0 ) 1330
3.  Powdered laumontite

in IM NaCl at pH 6 8568 2479 3429 22455 0 0 1348

4.  Powdered laumontite

in IM NaCl, initially at pH 6

with CO» 9244 2607 3627 26306 0 0 1428
5. Granular (< 0.425 mm)

laumontite in 1M NaCl at

pH3 4306 774 1064 22369 54 787 862
6.  Granular (< 0.425 mm)

laumontite in 1M NacCl at

pH 6 4073 731 1034 13115 0 9 975
7. Granular (< 0.425 mm)

laumontite in 1M NaCl,

initially at pH 6 with CO» 4970 887 1134 33404 1312 1524 1126
Note:

9 Due to mass-interferences, reported concentrations of Ca and K are qualitative.

Hydrostatic compaction experiments.

A total of four compaction experiments were performed on granular laumontite samples.
Samples were precompacted in the presence of different fluids before increasing temperature to
induce chemical reactions. Different fluid chemistries did not affect compaction, as total strain
and strain during the hold are similar for all samples. For NaCl pH 3, there was a leak in the
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syringe pump that has been corrected for, leading to a higher estimate of strain during the 1-hour
hold period. After the samples had reached temperature and the creep period had begun, the
responses for DI H,O, NaCl pH 9, and NaCl pH 6 are very similar (Figure 9). Initially, pore
pressure increases, likely a result of the system equilibrating at elevated temperatures. Pressure
equilibrates and the samples are stable. At the end of the experiment, pressure increases in the
DI H>O sample, indicating a decrease in porosity. The NaCl pH 6 and 9 brines demonstrate a
decrease in pore pressure at the end of the experiment, indicating either the sample dilated, or
fluids were consumed by chemical reactions or adsorption into the crystal lattice. In the NaCl
pH 3 solution, pore pressure dropped significantly during the initial creep phase. This could
indicate a pressure leak, but no signs of leaks were observed and pressure equilibrated over time
(Figure 9). Absent of leaks in the system, the drop in pore pressure resulted from interactions of
the acidic fluid with laumontite powders. Water present in the brine could have adsorbed into
the crystal lattice, lowering pore pressure. Dehydration of laumontite into kaolinite could have
also created additional pore spaces, decreasing pore pressure.

70 30
60
50
g g”
Sl =
= =
é 30 g
~
0 } —PpHO 28 —eoon
pH 6
10 r ——pH3
0 — E—— 27 A+ HHH———
2 20 200 1.LE+03 1.LE+04 1.E+05 1.LE+06
a) Effective Pressure (MPa) b) Elapsed Time (s)

Figure 9. Compaction of granular laumontite in the presence of different fluids. a) Over
compaction curve from room temperature portion of experiments. b) 1 week hold at 85° C.

Table 3. Results of hydrostatic compaction experiments.

Sample Porosity from Pore | Porosity Change | Porosity Change | Measured
ID Fluid Volume Calculations | During Loading During Creep Porosity
2 | H20 26.96 31.96 0.16 219
3 | IM NaCl pH 9 27.7 31.6 0 26.1
4 | IM NaCl pH 6 26.45 31.97 0.06 29.7
5| IM NaCl pH 3 32.37 31.35 -1.5 343

Microstructures of deformed samples.
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Microstructural investigation show that samples deformed due to compaction, grain
crushing, and comminution for all fluid types. Undeformed grains are primarily albite (A) with
varying degrees of alteration and intragranular microfracturing, but largely intact grains (Figure
10, 11a). Deformed samples have low porosities due to compaction and partial filling of pore
spaces and microfractures with comminuted grain fragments (Figure 10, 11). Microfracturing of
grains is preferred at point contacts between grains and in grains that are preferentially oriented
for failure along cleavage planes. BSE and SE images from Sample 3 pH9 show microfractured
albite (A) and kaolinite (K), heavily fractured laumontite (L), and pore fill in between consisting
of a variety of grain fragments (Figure 11c, d). Grain fragments are roughly aligned with larger
grain boundaries, and do not show evidence of alteration or post-deformation mineralization.
This suggest that fine grained kaolinite occurring as fracture fill resulted from mechanical
deformation, and did not form in situ. No alteration products are visible on deformed laumontite
grains (Figure 11d, e).
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Figure 10. BSE images of undeformed and all deformed samples. Porosity in black is greatest in the undeformed sample and decreases
due to compaction, grain crushing, and comminution in deformed samples. Grains (gray) consist of mostly albite with some

laumontite, biotite, and kaolinite, and rare quartz, potassium feldspar, siderite, and other unidentified opaque minerals and lithic
fragments.
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Figure 11. BSE images showing deformation of granular laumontite. a) undeformed grains. b)
Sample 2, DI H>O. c,d) Sample 3, 1M NaCl pH 9. e) Sample 4, IM NaCl pH 6. f) 1 M NaCl pH
3.

Friction experiments.

A total of 5 friction experiments were conducted on different mixtures of laumontite —
kaolinite powders. Composition varied from 100% laumontite to 100% kaolinite in 25%
increments. Samples were deformed under a Pc reduction load path to form slip surfaces and
reach steady state slip with limited displacement. This step was followed by constant axial
displacement at a constant normal stress value of 30 MPa. All experiments were conducted to
4+ mm axial displacement under constant normal stress without rupturing a jacket (Figure 12).
Axial displacement rates were stepped from 0.001 mm/sec to 0.01 mm/sec to 0.0001 mm/sec to
0.001 mm/sec to 0.0001 mm/sec to 0.01 mm/sec to 0.001 mm/sec. 100 and 1000 second holds
were performed during 0.001 mm/sec displacement rates. Values of the coefficient are similar
for different compositions, but the stability of the different mixtures vary greatly. The
coefficient of friction for laumontite and kaolinite is 0.71 for pure compositions, but laumontite
exhibits stick-slip behavior while kaolinites slides smoothly. The behavior of the mixes displays
intermediate behavior to the two end members (Figure 13). The 75% kaolinite — 25% laumontite
mixture has a 0.71 coefficient of friction and displays a slightly higher tendency for stick-slip
behavior than the pure kaolinite mixture. The 50% laumontite — 50% kaolinite mixtures and
75% laumontite — 25% kaolinite mixtures have a lower coefficient of frictions at 0.66. The
mixtures exhibit stick-slip behavior, and the tendency for slip events increase with increasing
laumontite content (Figure 13).

Figure 12. Sample after deformation.
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Figure 13. Result from friction experiments on laumontite-kaolinite mixes. Changes in axial
displacement are marked by vertical black lines. “h” denotes 100 second hold, “H” denotes 1000
second hold. a) 100% laumontite powder. b) 75% laumontite — 25% kaolinite mix. c) 50%
laumontite — 50% kaolinite mix. d) 25% laumontite — 75% kaolinite mix. e) 100% kaolinite mix.
f) Comparison of different mixes at 0.001 mm/sec displacement rates.

DISCUSSION:

The experiments in this study were conducted on different grain sized fractions of
laumontite from a commercial source with sufficient quantities available for experimental
studies. The actual percentage of laumontite in the purchased samples are low: ~8% for
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pharmaceutical grade powder and ~3% for the granular samples. Attempts to purify the samples
were unsuccessful. Heavy liquid separation reacted with the fine-grained samples to increase
kaolinite contents, and neither separation or settling techniques proved effective with the
granular samples. The mineralogy of the samples was albite, laumontite, muscovite, and
kaolinite. While not pure laumontite, the mix of minerals reflect the mineralogy of fault and
fracture systems in crystalline basement formations, so responses of these samples are indicative
of the behavior the whole fracture system to new fluid chemistries.

Chemical reaction experiments and compaction experiments exposed samples to different
fluid chemistries intended to induce dehydration reactions in laumontite. Themodynamic
modelling of laumontite, “leonhardite”, and kaolinite systems indicate that the conditions of our
experiments should trigger dehydration of laumontite to kaolinite. Long term PARR
experiments did not document this reaction with any of the fluids. There was evidence for
laumontite dissolution, but no kaolinite precipitated (Table 2). Fine powders exposed to 1M
NaCl solutions precipitated vermiculite, and powders exposed to DI H>O precipitated smectite
(Figure 8). The formation of the fine-grained alteration products is expected to alter the slip
behavior of faults. Compaction experiments were conducted on a shorter time frame than PARR
experiments, but increases in surface area from fractured grains should increase reactivity of
grains. Significant mineralogical differences were not apparent between samples deformed with
different fluids. All samples compacted by extensive grain crushing and mica/clay plasticity, but
dissolution-precipitation structures were not observed (Figure 10, 11).

The porosity decrease in granular laumontite after exposure to different fluids were
similar. Samples compacted a similar amount during the loading, and volume changes during
the 1 week hold time are small. For the samples exposed to DI H,O, 1M NaCl pH 9, and 1M
NaCl pH 6, the fluid-rock interactions would not affect the mechanical behavior of the sample.
For in situ faults in crystalline basement formations, the results from this study suggest that
neutral to basic fluids would not affect seismicity beyond pore pressure effects from pumping
and diffusion. The sample exposed to IM NaCl pH3 brine observed a decrease in pore pressure,
either due to adsorption into mineral grain structures or the creation of porosity from chemical
reactions. PARR experiments did not observe significant laumontite dissolution, so it is unlikely
that the observed pressure behavior is due to volume decreases created by the dehydration
reaction of laumontite to kaolinite. Likely, the decrease in pore pressure is related to adsorption
of water into grain structures and alterations in clay structures. In nature, this would indicate that
acidic fluids introduced into crystalline basement fault networks would reduce the risk of
induced seismicity. Fluid-rock interactions would counterbalance increases in pore pressure due
to injection, delaying seismicity until the fault mineralogy equilibrates with the newly introduced
fluids. This would suggest that observations of delayed seismicity from injection could be due to
the effect of acidic fracking fluid and produced water creating a new chemical equilibrium in
basement faults. Reactions would help buffer pore pressure increases, and after a new
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equilibrium had been established, pore pressure would be determined by pumping and hydraulic
diffusivity.

The coefficient of friction is similar for the fine grained laumontite powder and pure
kaolinite, suggesting that the completed dehydration reactions would not alter fault strength.
Both samples have a high coefficient of friction, 0.71, that would lead to high shear stresses
along faults. Mixture of fine grained laumontite and kaolinite have lower coefficients of friction,
0.66, than either end member sample. This reduction would lower fault strength and could
trigger seismicity. Observations of faults and fractures in nature indicate that stresses along
active faults are at frictional limits, and hydraulically connected faults are most likely active
[Zoback, 2010]. Under the critically stressed fault theory, fault networks in basement formations
would be near frictional limits. Pore pressure increases as small as 0.001 — 0.1 MPa were
sufficient to trigger slip in the KTB experiment [Shapiro et al., 2006], so it is likely that the
small change in coefficient of friction (~0.05) could affect the potential for induced seismicity.
As the dehydration reaction initiates in laumontite fault and fracture fill, the coefficient of
friction would decrease. The experiments indicate the coefficient of friction would be constant
as the composition changes until kaolinite content reaches 75%, when the coefficient of friction
is the same as pure kaolinite.

The change in slip behavior from laumontite to kaolinite is a novel observation. Fine
grained laumontite powders demonstrate episodic slip, or stick-slip, behavior with deformation.
This slip behavior occurs at displacement rates of 0.001 mm/sec and 0.0001 mm/sec, and not at
the fast displacement rate of 0.01 mm/sec. Slip occurred at repeatable distances, and this
distance did not change with displacement. With increasing kaolinite content, the tendency for
stick slip decreased. The 25% and 50% kaolinite mixtures show stick-slip behavior for the slow
and medium velocities, but the 75% kaolinite mixture shows stick-slip behavior only at the slow
velocities and after the displacement holds. Pure kaolinite displays slip only at slow velocities,
consistent with previous experimental observations of partial velocity weakening behavior [lkari
etal.,2011]. Stick-slip behavior observed in experiments is similar to stick-slip behavior
observed on natural faults during earthquakes. This study indicates that the laumontite fault and
fracture fills would be prone to earthquake as opposed to aseismic sliding or creep. The potential
for earthquakes would be reduced as dehydration reaction increase kaolinite content, but
kaolinite still has the potential for unstable slip.

The experiments in this study portray conflicting results in the context of induced
seismicity in basement faults. PARR and compaction experiments demonstrate that the kinetics
of the laumontite dehydration reaction are slow on laboratory time scales. We did not observe
significant conversion of laumontite to kaolinite over a 8-week period, but this does not preclude
that the reaction would not occur in the field. Disposal wells are active over a timespan of years,
so the reaction could be significant over the time span of the well. Elevated temperature that
could be present along deeper portions of basement faults could also increase the kinetics of the
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reaction. Lower fluid to solid ratios in nature could result in higher precipitation rates. The
results do suggest that the rate of dehydration reactions would not exceed the hydraulic
diffusivity of fault and fracture networks, so pore pressure changes from dehydration would be
negligible. The compaction experiment at pH 3 observed a decrease in pore pressure, which
would inhibit fault reactivation. Previous experiments on laumontite cemented sandstones
exposed to CO; enriched brines observed the reaction of laumontite to kaolinite in 1-week
experiments, suggesting that CO; sequestration projects in basal sedimentary formations could
trigger unexpected seismicity [Luquot et a., 2012]. Friction experiments on analog fault gouge
compositions suggest that converting laumontite to kaolinite would affect fault behavior. At low
kaolinite compositions, coefficient of friction is reduced, which could be significant on critically
stressed faults. When kaolinite is a majority of the fault gouge, the coefficient increases,
increasing fault strength. Slip behavior changes as well. The tendency for unstable slip still
exists, but less than the original laumontite fault gouge. Injecting acidic fluids into basement
fault systems would cause a temporary drop in pore pressure, stabilizing the fault. As laumontite
dehydrates to kaolinite, the fault would weaken, which could trigger seismicity. Neutral to high
pH fluids would avoid time dependent changes in fault strength, and seismicity would be
determined by pumping.

ANTICIPATED OUTCOMES AND IMPACTS:

This project focused on the induced seismicity problem in the midcontinent US through a
focused investigation into the behavior of analog fault and fracture fill. Induced seismicity is
caused by high volume injection wells disposing of used fracking fluids and produced waters
from unconventional petroleum resources. The magnitudes of induced events are increasing, and
these events are occurring in locations that have lacked historical seismicity and are vulnerable to
seismic damage. Magnitude 5+ events are occurring near Cushing, OK, a critical pipeline and
storage hub for crude oil. It is also in the national interest to continue producing oil and gas from
unconventional reservoirs. These resources have changed the domestic energy landscape,
creating opportunities in power generation and several manufacturing industries. Natural gas
power plants are ideal to balance renewable sources of electricity, helping to mitigate climate
change. Solutions to, or a greater understanding of, the induced seismicity problem could have
far reaching impacts.

To investigate the induced seismicity problem, we assembled a multi-disciplinary team
with experts in thermodynamics, experimental geochemistry, petrology, and geomechanics. We
addressed the issue by investigating coupled chemical-mechanical effects of different fluids on
the behavior analog fault gouge material. We took a multi-prong approach: modeling chemical
reactions, detailed geochemical experiments, compaction experiments, and fault simulation
experiments. We chose to investigate the behavior of laumontite, a commonly observed mineral
in fault and fracture networks in crystalline rocks. Our background research and chemical
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modeling suggested that laumontite would be unstable in the fluid chemistries being injected in
high volume disposal wells. We did not observe the expected reactions in our geochemical and
geomechanical experiments. Our observations showed that fluid-rock interactions in low pH
brines could act to reduce pore pressure initially, but changes in fault strength would exacerbate
slip. The lack of observable reactions in our experiments would suggest that speed of laumontite
to kaolinite reactions would be slower than the hydraulic diffusivity of the fault, so dehydration
reactions would not create a surge in pore pressure. Any volume change associated with the
creation of kaolinite would act to reduce pore pressure, albeit slowly. Our friction experiments
demonstrated a continuum behavior between end members of laumontite and kaolinite
representing different stage of completion for dehydration reactions. The tendency for unstable
slip reduced with increasing kaolinite content, but unstable slip remained a possibility for pure
kaolinite. Decreases in the coefficient of friction was observed for mixtures with partial
kaolinite contents, but not for mixtures that were majority kaolinite. The decrease was minor,
but the reduction in fault could be sufficient to trigger seismicity in critically stressed faults.
This suggests that predictions of fault reactivation potential could overestimate fault strength as
dehydration reactions initiate. The results of this study suggest the best way to prevent induced
seismicity would be to inject acidified fluids and to control injection pore pressures.

This project established and strengthened working relationships between team members,
creating a multi-disciplinary team well suited to address chemo-mechanical problems in the
future. The research conducted here highlights the complicated nature of fluid-rock interactions,
as the interplay between processes can create potential causes and solutions to a given problem.
We were able to identify behaviors that could both induce and prevent seismicity over different
time periods. This project also increased the base of knowledge inside Sandia for fault related
problems. Sandia has strong expertise in geochemistry and geomechanics, but recent research
has not focused on fault behavior. We utilized techniques to perform complicated friction
experiments for this project, and we would be able to extend these capabilities to more realistic
simulations of fault behavior for future projects. This approach, focusing on crystalline
basement fault and fracture networks, could be beneficially applied for future projects on deep
borehole repository concepts and enhanced geothermal systems. The behavior of laumontite is
sensitive to COg, so future studies on laumontite could potentially impact carbon sequestration
projects.

We applied for a full LDRD based on this concept, but at the time we did not have
sufficient data to move forward. We will apply again in the future. Chemo-mechanical effects
on friction and fault strength could be significant, but remain unexplored. Previous work has
demonstrated that thermal dehydration reactions create complicated behaviors between pore
pressure changes, induced microfracture networks, and reaction kinetics. Very few studies have
investigated chemical reactions during frictional sliding, despite the importance of this behavior
in nature. We will continue to apply for future proposals utilizing the framework established by
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this study. The results from this study will be submitted for publication in a peer-reviewed
journal.

CONCLUSION:

Induced seismicity in the US is an increasing problem with immediate and potentially far
reaching impacts. The majority of events occur along preexisting faults in the underlying
crystalline basement. In this study, we investigated the effect of fluid pH on laumontite, a zeolite
commonly observed in fault and fracture networks in crystalline formations. Previous research
had demonstrated that laumontite is unstable at low pH or at high CO» activity, both of which
characterize fracking fluids and produced waters being injected into formations overlying the
basement. In the presence of these fluids, laumontite dehydrates to kaolinite, creating changes
that could impact fault stability. We modelled the thermodynamics of this reaction and
conducted experiments to investigate reaction kinetics and mechanical response. We also
investigated the frictional behavior of simulated fault gouges representing different stages of
completion for the reaction. In geochemical experiments conducted at 90° C for eight weeks on
different sized laumontite powders in different fluids, we did not observe significant alteration of
the material, with only minor amounts of fine-grained clay mineral formation. In compaction
experiments at 85° C for 1 week, we did not observe significant differences in compaction
behavior when different fluid types were used. Microstructural investigation of deformed
samples did not identify reaction products. Experiments conducted in the presence of 1M NaCl
pH 3 observed pore pressure decreases after heating. This could be caused by adsorption of
fluids into the cage structure of laumontite, or by altering the structures of clay minerals present
in the starting material. The observed response suggests that acidic fluids would be the least
likely to induce seismicity, initially. Friction experiments show that laumontite and kaolinite
have similar coefficients of friction, but mixtures with partial kaolinite compositions have
reduced coefficient of friction. This reduction could be significant on critically stress faults.
This indicates that initial dehydration of laumontite into kaolinite would reduce fault strength
and potentially induce seismicity, but as the reaction neared completion the fault strength would
increase to the original value. The tendency for stick-slip behavior decreases with increasing
kaolinite content, but pure kaolinite still exhibits unstable slip.
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