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Abstract

The use of hydraulic fracturing techniques to extract oil and gas from low
permeability shale reservoirs has increased significantly in recent years. During hydraulic
fracturing, large volumes of water, often acidic and oxic, are injected into shale
formations. This drives fluid-rock interaction that can release metal contaminants (e.g.,
U, Pb) and alter the permeability of the rock, impacting the transport and recovery of
water, hydrocarbons, and contaminants. To identify the key geochemical processes that
occur upon exposure of shales to hydraulic fracturing fluid, we investigated the chemical
interaction of hydraulic fracturing fluids with a variety of shales of different
mineralogical texture and composition. Batch reactor experiments revealed that the
dissolution of both pyrite and carbonate minerals occurred rapidly, releasing metal
contaminants and generating porosity. Oxidation of pyrite and aqueous Fe drove
precipitation of Fe(III)-(oxy)hydroxides that attenuated the release of these contaminants
via co-precipitation and/or adsorption. The precipitation of these (oxy)hydroxides
appeared to limit the extent of pyrite reaction. Enhanced removal of metals and
contaminants in reactors with higher fluid pH was inferred to reflect increased Fe-
(oxy)hydroxide precipitation associated with more rapid aqueous Fe(II) oxidation. The
precipitation of both Al- and Fe-bearing phases revealed the potential for the occlusion of
pores and fracture apertures, whereas the selective dissolution of calcite generated
porosity. These pore-scale alterations of shale texture and the cycling of contaminants
indicate that chemical interactions between shales and hydraulic fracturing fluids may
exert an important control on the efficiency of hydraulic fracturing operations and the

quality of water recovered at the surface.
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1. Introduction

The extraction of oil and gas resources from low permeability shale reservoirs has
increased dramatically in recent years owing to the development and application of
horizontal drilling and hydraulic fracturing techniques (Kerr, 2010; U.S. Energy
Information Administration, 2013; Vidic et al., 2013). The development of these
resources has dramatically altered the energy landscape, particularly in the United States
(Kerr, 2010; U.S Energy Information Administration, 2013), which hosts numerous
economically viable shale oil and gas plays (Chermak and Schreiber, 2014; Vengosh et
al., 2013). However, hydraulic fracturing operations remain plagued by environmental
concerns, namely their potential to impact surface water and groundwater quality
(Brantley et al., 2014; Vengosh et al., 2013; Vidic et al., 2013). During hydraulic
fracturing operations, large volumes of fracturing fluids (i.e., ~8-17 million liters;
Balashov et al., 2015; Chapman et al., 2012), that are often acidic and oxic (Stringfellow
et al., 2014), are injected into subsurface shale formations, resulting in a system that is
highly out of chemical equilibrium. It is hypothesized that disequilibrium between shale
and the hydraulic fracturing fluid will induce a myriad of reactions, including mineral
dissolution-precipitation, cation exchange, surface complexation, and oxidation-reduction
(redox) of solid and aqueous components. Such reactions may release harmful
contaminants into the environment (e.g., U, Ra, As, Pb) (Balaba and Smart, 2012; Blauch
et al., 2009; Chermak and Schreiber, 2014; Vengosh et al., 2014; Vidic et al., 2013).
These chemical interactions may also alter the permeability and mechanical integrity of
the reservoir, influencing the efficiency of production and recovery of water for re-use.

Precipitation of secondary minerals and weakening and collapse of fractures due to
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mineral dissolution could in part be responsible for the relatively inefficient production
experienced by many hydraulic fracturing operations (U.S. Energy Information
Administration, 2013). However, very little is currently known about the extent to which
chemical interactions between shales and these introduced fluids alter fluid and rock
properties, and whether these interactions occur on a timescale relevant to hydraulic
fracturing operations. Although monitoring of so-called flow-back and produced waters
(waters generated following fracturing and co-produced with hydrocarbons during well
operation, respectively) has revealed that the chemical composition of recovered waters
differs substantially from that of the injected fluid, the controls on the evolving
composition of the recovered fluids is not fully understood, and may reflect a
combination of factors including mixing of injected and formation fluids and fluid-rock
interaction (Barbot et al., 2013; Haluszczak et al., 2013; Lester et al., 2015; Orem et al.,
2014; Renock et al., 2016; Rowan et al., 2015; Shih et al., 2015; Ziemkiewicz and He,
2015; Zolfaghari et al., 2016). Experimental investigation is required to better define the
reactions that are likely to occur upon exposure of shales to hydraulic fracturing fluids
and their kinetics to assess the potential contribution of fluid-rock interaction to the
chemistry of produced waters and alteration of shale mechanical properties.

We investigated the types and relative rates of reactions occurring between shales
of different chemical and mineralogical compositions and a simulated hydraulic
fracturing fluid using a series of batch reactor experiments. Shale samples from four
different oil or gas shale reservoirs with unique mineralogical compositions were used,
including carbonate mineral-rich rocks from the Eagle Ford (South Texas) and Green

River (Colorado) formations, and comparatively carbonate mineral-poor rocks from the
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Barnett (Central Texas) and Marcellus (New York) formations, all in the United States.
Currently, hydrocarbon production via hydraulic fracturing operations is ongoing for the
Eagle Ford, Barnett, and Marcellus formations. Green River shale is an oil-bearing
formation that, while not presently being exploited, has unique mineralogy that provides
an informative contrast to the other shales under investigation. The objectives of this
study were to: (1) identify the key geochemical reactions that occur upon exposure of oil
or gas-bearing shales to hydraulic fracturing fluids and their kinetics, (2) elucidate the
impact of initial shale mineralogy on the evolution of rock and fluid compositions during
hydraulic fracturing operations, (3) evaluate the potential for release of metal
contaminants to flowback and produced waters, and (4) assess reaction-induced
alterations of shale porosity. The evolution of fluid composition was tracked with time,
and the physical and chemical alteration of the shales was investigated post-reaction
using a combination of x-ray diffraction, x-ray fluorescence spectroscopy, and scanning

electron microscopy.

2. Methods

2.1 Experimental methods

The impacts of initial mineralogical composition and texture on the evolution of
shale reservoir geochemistry following injection of hydraulic fracturing fluid were
investigated using batch reactor experiments. A schematic of the experimental design and
further detail regarding experimental methods and analytical techniques are provided in
the Supporting Information (SI). Experiments were conducted for three weeks (referred

to as “short-term” experiments), three months (“intermediate-term”), and six months
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(“long-term”). The short-term experiments were representative of the typical duration of
fluid injection for hydraulic fracturing, whereas the intermediate- and long-term
experiments were designed to investigate the interactions that may occur between the
shale reservoirs and unrecovered fracturing fluid over longer timescales after initial
fracturing operations are complete. In excess of 50% of the injected hydraulic fracturing
fluid is estimated to remain in the subsurface where it may continue to react with the rock
(Balashov et al., 2015; Roychaudhuri et al., 2013).

All experiments were conducted at Marcellus reservoir-representative
temperatures (80°C; Renock et al., 2016; Rowan et al., 2015) and circum-atmospheric
pressure in unstirred borosilicate glass serum vials. The use of circum-atmospheric rather
than reservoir pressures will cause minor differences in solubility between experimental
and field conditions, but the types of minerals that dissolve and their relative rates of
dissolution are not expected to be strongly impacted by differences in pressure.
Moreover, the impacts of pressure on solubility are small compared to temperature effects
(Morel and Herring, 1993). Shale samples from four different oil and/or gas-bearing
geological environments representing a wide range of clay and carbonate mineral
contents were exposed to simulated hydraulic fracturing fluid (SI Figure S1). These shale
samples included the Marcellus (M) gas shale (Oatka Creek Member, New York), the
Eagle Ford (EF) oil/gas shale (South Texas), the Barnett (B) gas shale (Central Texas),
and the Green River (GR) oil shale (Mahogany Ledge Member, Colorado). The GR and
M shales used were outcrop samples collected in August 2015, and July 2016,
respectively. EF and B samples were core samples taken at depth (3915 m and 2613 m,

respectively).
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The initial chemical compositions of the shale samples were quantified using x-
ray fluorescence spectroscopy (XRF) by Jew et al. (in press) for the exact same GR, EF,
B, and M samples used in our experiments and are tabulated in Table 1. Semi-
quantitative analysis of initial mineralogical compositions was also conducted by Jew et
al. (in press) using x-ray diffraction (XRD) data (Table 2). Peak identification was
accomplished by matching the four most intense diffraction peaks for a given mineral to
diffraction patterns in the National Institute of Standards and Technology (NIST)
database. Semi-quantitative analysis was conducted by least squares fitting of the
diffraction patterns using the NIST diffraction pattern of reference compounds with the
software, JADE (Materials Data, 2002). Although these data are semi-quantitative, they
are in good agreement with previously reported mineralogical compositions for these
shales (Ali and Hascakir, 2015; Chalmers et al., 2012; Chermak and Schreiber, 2014).

For the purposes of this study, we separate the shales into “carbonate-rich” or
“carbonate-poor” categories depending on their mineralogical and chemical compositions
prior to reaction. Carbonate-rich shales contained >50 wt.% carbonate minerals, and
carbonate-poor shales contained <15 wt.% carbonate minerals. The Green River and
Eagle Ford samples are therefore designated carbonate-rich, and the Barnett and
Marcellus samples designated carbonate-poor. The composition of the simulated
fracturing fluid used in the experiments was formulated based on fluid compositions
typically employed in hydraulic fracturing operations conducted in the Marcellus shale,
and mimics that used in the National Energy Technology Laboratory's Marcellus Well E
in Greene County, PA (“FracFocus,” 2016; Hammack et al., 2014). It contained 99.78

wt.% MilliQ distilled, de-ionized water, 0.13 wt.% hydrochloric acid, 0.03 wt.% guar
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gum, 0.02 wt.% ethylene glycol, 0.02 wt.% kerosene, 0.02 wt.% polyethylene glycol,
5.07 x 10 wt.% 2-ethylhexanol, and 1.73 x 104 wt.% glycol ether. During hydraulic
fracturing operations, all additives are not added simultaneously, but follow a specific
sequence. The experimental fluid represents a mixture of the relative proportions of these
in a single solution. The initial fluid had a pH of 2.0 and was assumed to be at
equilibrium with laboratory pO, (~0.21 atm), consistent with the injection of surface
waters during hydraulic fracturing operations. A major difference between the
experimental fluids and field conditions is that fluids in the field tend to have much
higher total dissolved solids (TDS). A high TDS fluid was not used in the experiments for
a number of reasons. First, high initial concentrations of anions like SO4?- and cations like
Mg and Ca make it difficult to accurately assess changes in aqueous concentrations due
to dissolution-precipitation reactions, and to conduct mass balance calculations to assess
the cycling of elements in the reactors. Second, a high TDS fluid may itself alter the rate
of mineral dissolution-precipitation reactions compared to published rate data from
laboratory experiments conducted at more moderate TDS. This complicates the direct
assessment of the impact of the hydraulic fracturing fluid additives on these mineral
dissolution-precipitation reactions, as deviations from published data could be due to the
high TDS rather than the fracture fluid additives. In addition, high TDS complicates the
calculation of aqueous speciation. Finally, fracturing fluids are injected into shale
formations at a high rate, displacing and diluting pre-existing formation fluids. This is
typically followed by “shut-in” of a well for days to months prior to flowback. The
critical fracturing fluid-shale reaction time is hours to days. Under such conditions, the

chemistry of the fracturing fluid will dominate in fracture spaces, and formation fluids
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may be less important. Therefore an assessment of direct shale-fracturing fluid reactions
is required.

Approximately 1 g of shale that had been pulverized to between 150 and 250 pm
diameter was used in each reactor, with 200 mL of solution and ~85 mL of gas-filled
headspace with the composition of the laboratory atmosphere. Although the reactors were
sealed, limited replenishment of O, throughout the experimental duration was facilitated
through semi-permeable butyl rubber septa and periodic penetration of the septa with a
needle during sampling. A control experiment that lacked shale was conducted for each
experimental run time. All reactors contained an a-Al,O3 chip (< 0.05 g) that was meant
to serve as a substrate to facilitate precipitation of secondary phases. However, this
substrate was found to be ineffective for this purpose. Fluid samples were taken
periodically to track pH and cation and anion concentrations. Concentrations of Mg, Ca,
Fe, and Si, were measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Concentrations of Al, Pb, U, Sr, and Ni were measured using
inductively coupled plasma mass spectrometry (ICP-MS), and sulfate concentration was
measured using ion chromatography (IC). Solids were collected post-reaction and were
stored under vacuum in a desiccator prior to analysis with XRD, and scanning electron
microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS). Measurements
of iron speciation in fluids and solids in our experiments are beyond the scope of the
present study, and are instead presented in detail by Jew et al. (in press).

2.2. Speciation calculations

To evaluate the stability of mineral phases in the presence of the fracturing fluid,

and the potential for secondary phase formation, speciation calculations were conducted
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using experimental pH and cation and sulfate concentration data and the geochemical
modeling software, PHREEQC V.3 (Parkhurst and Appelo, 2013) with the Lawrence
Livermore National Laboratory (LLNL) database. Owing to the dearth of available
thermodynamic data to represent the fracture fluid additives, only the additive HCI was
included in the models; the organic additives were neglected. Speciation calculations may
therefore overestimate the saturation state of mineral phases if significant complexation
of inorganic ions with fracture additives or organic complexes native to the shale samples
occurred. It should also be noted that speciation calculations assumed equilibrium
between aqueous Fe(II) and Fe(III), despite potential kinetic limitations to aqueous Fe(II)
oxidation at low pH (Morgan and Lahav, 2007). Due to a lack of dissolved inorganic
carbon (DIC) data, DIC concentrations were assumed to reflect primarily carbonate
dissolution and were therefore set to balance dissolved Ca concentrations assuming
stoichiometric calcite dissolution, as calcite was determined to be the main source of Ca

and the most reactive carbonate phase in the samples (refer to section 3.2.3).

3. Results and Discussion

Predictions about the effects of the reaction of hydraulic fracturing fluid with
shale on contaminant release, fracturing fluid transport, and hydrocarbon recovery
requires identification of the types of reactions that will occur as well as their kinetics.
However, the complex mineralogy of shales, the commonality of elements between
minerals, and the possibility of incongruent dissolution and secondary mineral
precipitation confound the direct attribution of aqueous solute concentrations to specific

mineral dissolution-precipitation reactions. To address this, we use multiple lines of
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evidence to determine the mineral dissolution-precipitation reactions that are most likely
to occur over the typical timescale of hydraulic fracturing operations (weeks to months)
as well as the shale components that govern the evolution of fluid composition and rock
porosity and permeability.

3.1 Evolution of fluid composition

3.1.1. Calcium, magnesium, and pH

Of the major elements initially present in the shales, Ca was released into the
fracturing fluid to the greatest extent. In all experiments the release of Ca was initially
rapid, before plateauing at reasonably stable values within 48 h (Figure 1a). The steady-
state Ca concentrations differed among the four shales and did not correspond directly to
the Ca content of the solid phases. The highest aqueous Ca concentration was recorded
for the EF shale, followed by the M, the GR, and finally, the B shales (Figure 1a). Yet,
the initial solid Ca content of the GR shale exceeded that of the M shale (Table 1). The
maximum aqueous Ca values during three weeks of reaction were EF (318 mg L''), M
(242 mg L), GR (221 mg L1), and B (192 mg L-') (Figure 1a). Aqueous Ca
concentrations remained relatively stable in both the intermediate- and long-term
experiments (Figure 2a), indicating that the majority of Ca release occurred within 48 h.
Different Ca concentrations (up to ~30% different) were observed between duplicate M
reactors in both the intermediate- and long-term experiments, which is attributed to
mineralogical heterogeneity of the starting solids (Figure 2a). Small differences in Ca
concentration trends between the short-term Barnett duplicates are also attributed to
heterogeneity of the initial solids. The Marcellus exhibited a large degree of

heterogeneity visible at the millimeter scale (SI Figure S2). The smaller degree of
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heterogeneity in the Barnett samples compared to the Marcellus samples is attributed to
different sampling protocols; the Barnett was sampled from core, whereas the Marcellus
was sampled from outcrop.

Trends in Mg release to solution were similar to those observed for Ca for the GR, M,
and B shales, with a rapid initial increase within 48 h, followed by relatively stable
concentrations for the remainder of the short-term experiments (SI Figure S3). However,
maximum aqueous Mg concentrations were lower than Ca solution concentrations, with
less than 50 mg L-! Mg for all four shales. This is consistent with the lower solid phase
Mg content for all shales (Table 1). Similar to Ca, Mg concentrations remained relatively
stable for the durations of the intermediate- and long-term experiments for the GR, M,
and B shales, suggesting that the majority of Mg release also occurred within the first 48
h of reaction (SI Figure S3). Although Mg content in the initial shale material for EF was
similar to B and M (Table 1), the total concentration of Mg in solution was significantly
lower (< 3 mg L) in the short- and intermediate-term experiments, and remained below
quantifiable limits for the long-term experiment (i.e., <1 mg L1).

In all experiments the rapid increases in Ca concentrations within 48 h coincided with
rapid increases in solution pH (Figure 1a,b). In fact, two distinct trends in fluid pH were
evident in the experiments as a function of the initial carbonate mineral content of the
rock. The carbonate-rich EF and GR shales exhibited rapid pH increases from values of
~2 before plateauing at circum-neutral values within 48 h, which coincided with plateaus
in Ca concentration (Figure 1b). The pH was maintained at circum-neutral levels
throughout the durations of the intermediate- and long-term carbonate-rich shale reactors

(Figure 2b). Conversely, the pH for the carbonate-poor B and M reactors remained acidic,
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plateauing at values between 3 and 5 for experiments of all durations up to six months
(Figures 1b and 2b). Differences in fluid pH between duplicate reactors were documented
for the intermediate- and long-term M reactors, as was observed for Ca concentrations
and was attributed to sample heterogeneity (Figure 2b). The experiments with higher pH
corresponded to those with higher Ca concentrations.
3.1.2. Iron release

All Fe concentrations reported represent total aqueous Fe as measured with ICP-OES.
Iron concentrations were too low to be quantified using our analytical techniques for the
GR and EF shales in reactors of all timescales (<~0.3 ppm). Aqueous Fe concentrations
for both the M and B shales, on the other hand, increased rapidly within ~200 h. Fe
concentrations reached up to 27 mg L-! in the M reactor and 17 mg L-! in the B reactors,
after which Fe concentrations declined for both B and M (Figure 1c). However, Fe
concentrations did not decline over time in the intermediate- or long-term B reactors.
Rather, they oscillated at ~20 mg L-! for the majority of the intermediate-term reactor and
exhibited a gradual increase to 37 mg L-! in the long-term reactor (Figure 2c). As
observed for Ca concentrations, duplicate M shale reactors exhibited different Fe
concentrations in both the intermediate- and long-term experiments (Figure 2c). Iron
concentrations oscillated between 12 and 32 mg L-! in one intermediate-term experiment,
but remained below 14 mg L-! in the duplicate experiment. A more pronounced
difference was documented for the long-term experiments; the Fe concentration
continued to gradually increase throughout the experimental duration in one reactor,
reaching up to 37 mg L-!, whereas the Fe concentration was fairly stable between 3 and 6

mg L' for the duplicate experiment (Figure 2c).
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3.1.3. Sulfate release

Unlike the decline observed for Fe, aqueous SO4* concentrations increased
throughout the short-term B and M experiments (Figure 1d). Similarly, in the short-term
EF experiment, SO4* concentrations increased throughout the experimental duration,
despite the lack of measurable Fe in solution. In the GR reactors, on the other hand,
aqueous SO4* concentrations remained below quantifiable values. This is a consequence
of the minimal pyrite in this shale. The differences observed for the concentrations of
other elements (Ca, Fe) and pH between duplicate M experiments were less pronounced
for SO4%. The SO,* concentrations were similar between duplicate M intermediate-term
reactors, and stabilized after 722 h between 134 and 147 mg L-.. In the long-term
experiments, SO4% concentrations stabilized within 966 h, plateauing at ~140 mg L-! in
one reactor and ~170 mg L-! in the other reactor (Figure 2d). A similar extent of sulfate
release was observed for the long-term compared to the intermediate-term experiments
for all shales, except for the EF, for which a maximum of 98 mg L-! SO,*> was measured
in the intermediate-term compared to 141 mg L-! in the long-term experiment (Figure
2d).

Pyrite was the only S-bearing phase detected with XRD (Table 2), therefore its
release to solution is attributed primarily to pyrite dissolution. Mass balance calculated
with respect to the XRF-measured sulfur content of the initial solids and final aqueous
SO,4? concentrations revealed that approximately 38%, 37%, 39%, and 36% of the total
initial pyrite mass was oxidized within three weeks of reaction in the EF, M, and

duplicate B experiments, respectively (SI Figure S4). The extent of pyrite oxidation
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remained less than 55% in all intermediate- and long-term EF, M, and B experiments,

except for the long-term EF experiment, for which up to 72% of pyrite was calculated to

have been reacted (SI Figure S4). In all cases, the majority of pyrite oxidation occurred

within the first three weeks of exposure to the simulated fracturing fluid. This result

implies that the injection of oxic fracturing fluids will induce oxidative dissolution of

pyrite, releasing Fe and SO, into produced waters on a timescale of hours to weeks.
3.1.3. Aluminum and silicon

The experiments were conducted in borosilicate reactors and contained Al,03
substrates; these could release Si and Al to solution. The extent of dissolution of these
components of the reactors was assessed by comparing Si and Al concentrations in the
controls that lacked shale to reactors that contained shale. There was negligible Al and Si
release in the short-term controls, confirming that changes in Al and Si concentrations in
the short-term experiments are attributable to reaction of shale components. However, in
the intermediate- and long-term experiments, Al and Si concentrations in most reactors
were not substantially different from those measured in the control experiments.
Therefore Si and Al cycling occurring in these experiments due to reaction of the shale
components alone cannot be assessed, and further discussion is limited to the short-term
experiments.

There was very little net mass transfer of Al and Si from the solid to fluid phase in the
short-term reactors (Figure 3c). The greatest extent of Si release in the short-term reactors
was documented for the GR shale, reaching 16 mg L-!, whereas similar concentrations of
<10 mg L-! were documented for the other three shales (Figure 3a). Al was released to the

greatest extent from the Marcellus and Barnett shales, but nevertheless remained below 3
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mg L-! in all short-term reactors (Figure 3b). This is consistent with the known slow
dissolution rates of the silicate minerals present in these shales (Palandri and Kharaka,

2004).

3.2 Identification and kinetics of key reactions
3.2.1 Iron cycling reactions

The presence of multiple Fe-bearing phases of varying, and often poorly-constrained
reactivity in shales (Carroll et al., 2013), and the array of secondary Fe-bearing minerals
that can form (e.g., goethite [FeO(OH)], hematite [Fe,O3], amorphous Fe(OH)s; Blowes
et al., 1998; Nordstrom, 1982), complicates attribution of the sources of dissolved Fe and
the prediction of its fate. The potential sources of dissolved Fe in the four shales include
Fe-bearing carbonate minerals (siderite or (Mg-Ca-Fe),COs solid solutions), clays (illite,
smecite, and chlorite-group minerals), organic matter, and pyrite. The low extent of Si
and Al release in all experiments is consistent with the relatively slow dissolution rates of
aluminosilicate minerals compared to carbonate minerals and pyrite (i.e., 10->81 mol/m?/s,
10455 mol/m?/s, 10-°1? mol/m?/s, and 10-'%78 mol/m?/s for calcite, pyrite, anorthite, and
smectite, respectively, at 25°C and neutral pH; c.f., Palandri and Kharaka, 2004; Golubev
et al., 2009; Rimstidt and Vaughan, 2003; Smith et al., 2013), and suggests that the
dissolution of clays was not the main contributor of dissolved Fe in the experiments.
Rather, the substantial increase in aqueous SO4* concentration in all experiments with
pyrite-bearing shales (EF, B, and M) indicates that dissolution of pyrite was an important
control on Fe release. The GR shale used in the experiments lacked detectable pyrite

based on XRD characterization, although minor pyrrhotite [Fe(;.,S] was detected with
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XRF mapping (Jew et al., in press), and neither dissolved Fe nor SO4* reached
quantifiable concentrations in these reactors.

Pyrite is interpreted to be the main source of aqueous SO,*, therefore deviation of
Fe:SO4% molar ratios from stoichiometric pyrite values (0.5) are indicative either of
secondary phase precipitation, which preferentially removes one element over the other,
or dissolution of other Fe-bearing minerals. The Fe concentrations that would be
produced from stoichiometric pyrite dissolution based on measured SO4* concentrations
were calculated for all pyrite-bearing shales (Figures 1c and 2c). Measured Fe
concentrations that are less than calculated Fe concentrations are indicative of
precipitation of Fe-bearing phases, whereas measured Fe concentrations that are greater
than calculated values indicate either precipitation of SO4%-bearing phases or an
additional source of Fe in the experiments (e.g., siderite dissolution). For M shale, Fe
concentrations declined below stoichiometric values after 200 h in the short-term
experiments and remained significantly lower (>8 mg L-! lower) than stoichiometric
throughout the durations of the intermediate- and long-term experiments (Figures 1c and
2¢). Similarly, Fe concentrations were below detection for the EF experiments, yet
stoichiometric pyrite dissolution would generate up to 26, 28, and 48 mg L' Fe in the
short-, intermediate-, and long-term experiments, based on SO, concentrations. The
oxidative dissolution of pyrite is commonly accompanied by precipitation of secondary
Fe(IlI)-bearing (hydr)oxide phases (Blowes et al., 1998; Nordstrom, 1982), and
speciation calculations revealed that amorphous Fe(OH)3; became supersaturated in M
reactors within 24 h (Figure 4a). Moreover, rust-colored precipitates were observed in

suspension and coating the walls of the reactors for both the M and B experiments of all
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durations, suggesting the presence of oxidized Fe-bearing secondary phases (SI Figure
S5). Though the lack of aqueous Fe data for the EF experiments precludes direct
calculation of the saturation indices of Fe-bearing minerals, the Fe concentration
necessary to saturate the fluid with respect to amorphous Fe(OH)s in these experiments is
sufficiently low such that the solutions may have been saturated with respect to this phase
without measurable Fe concentrations. The removal of iron from solution relative to
sulfate in both the M and EF experiments is thus inferred to reflect the precipitation of
secondary Fe(III)-(oxy)hydroxide phase(s). Similarly, the observation of rust-colored
precipitates coating reacted GR particles indicates that Fe(III)-bearing precipitates were
also formed in these experiments (SI Figure S5), despite the lack of pyrite. Pyrrhotite was
identified with synchrotron-based XRF mapping at low abundance and as the main host
of Fe in these samples before reaction (Jew et al., in press), suggesting pyrrhotite rather
than pyrite dissolution may have been the source of Fe in the GR experiments. Fe(III)-
bearing precipitates were not present in sufficient quantities in any of the experiments to
identify with XRD.

In contrast to the M and EF, the B exhibited greater Fe release than can be attributed
to stoichiometric pyrite dissolution within the first 100 h of reaction, and in the
intermediate- and long-term B experiments, Fe concentrations remained in excess of
those predicted by stoichiometric pyrite dissolution for the majority of the experimental
durations (Figures 1c and 2c). The rapid increase in Fe concentration relative to sulfate at
the beginning of the experiments implies that a mineral with a rapid dissolution rate, such
as siderite or Fe-bearing calcite, was also contributing Fe to solution. This implication

could also result in excess Fe concentrations compared to stoichiometric pyrite
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dissolution in the longer-term experiments. Alternatively, precipitation of S-bearing
phases could produce the apparent excess in Fe concentration, and would also serve to
clog pore spaces. Speciation calculations revealed that Ca-sulfate minerals were not
saturated in the bulk solution, yet precipitates containing Ca, S, and O were identified
with SEM and EDS in B samples from the long-term experiments (SI Figures S6 and S7).
As such, it is not certain whether these precipitates formed in situ during the experiments,
or were an artifact formed when the samples were dried following the experiment. If
formed during the experiments, these precipitates could account for the excess Fe in
solution with respect to stoichiometric pyrite dissolution. However, following the initial
rapid release, Fe concentrations in the short-term B experiments declined below
stoichiometric values for pyrite dissolution after 95 h (Figure 1c), which is again
attributed to the formation of Fe(III)-(oxy)hydroxide. Similarly, the lack of measurable
aqueous Fe throughout the EF and GR experiments and the decline in Fe concentration
after 95 h in the M experiment implies that precipitation of Fe(IIT)-(oxy)hydroxides
began at least within 95 h in these experiments. This conclusion suggests precipitates
could form within hours of hydraulic fracturing and could have significant consequences
on the transport and recovery of hydrocarbons and the compositions of flowback and
produced waters.
3.2.2. Controls on pyrite oxidation

The dissolution of pyrite from oil and gas shales is of concern, as it is known to
release trace metal contaminants, including As, Pb, and Hg (Rimstidt and Vaughan,
2003); therefore, it is important to constrain the extent of pyrite reaction that may occur

upon injection of oxidized fracturing fluids into shales. In our experiments, the
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incomplete reaction of pyrite (SI Figure S4) indicates that its dissolution became
inhibited over time. There are a number of potential explanations for the apparent
inhibition of pyrite dissolution, including: (i) passivation of pyrite surfaces due to
precipitation of secondary minerals as surface coatings (Nicholson et al., 1990), (ii)
exhaustion of the Oy(,q) supply in the reactor, as O, is required for oxidative pyrite
dissolution, or (iii) pyrite grains located near the surface of the shale particles were
consumed at early times, leaving the remaining pyrite within the interior of shale particles
poorly exposed to the reactive fluid. This latter possibility is dismissed, as numerous
pyrite grains exposed on the surfaces of reacted shale particles were observed with SEM.
On the other hand, because the oxidation of pyrite, aqueous Fe(II), and other redox-active
components consumes O, (Egs. 1 and 2), the dissolution of pyrite may be self-limiting

due to the removal of O, as a reactant.
FeS, +3.50, + H,0 & Fe’* + 2S0% + 2H" (1)
Fe’ "+ 0250,+ H e Fe " + 05H,0(2)

Using the initial O, content of the reactors as a lower limit to the amount of O, available,
and assuming the reaction stoichiometry in equations 1 and 2 and no additional O,-
consuming reactions, mass balance calculations reveal that there was sufficient oxygen
present to facilitate further pyrite reaction in all experiments, except perhaps one long-
term M reactor (SI Figure S4). Moreover, the semi-permeable nature of the butyl rubber
stoppers facilitated some replenishment of O, from the laboratory air. Conversely, the
precipitation of Fe-(oxy)hydroxides was inferred from fluid compositions (section 3.2.1.).

This inference implies that the incomplete reaction of pyrite in the experiments is more
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likely attributable to passivation of the pyrite surface via precipitation of Fe-
(oxy)hydroxide phases as surface coatings than to a lack of O,.

Although the availability of O, was not limiting for pyrite reaction in the
experiments, this may not be the case at field scale during hydraulic fracturing operations
due to the highly reducing conditions of shale reservoirs, and the higher rock to O, ratio
than used in our experiments. For example, during a typical hydraulic fracturing
operation in the Marcellus shale, approximately 1.7 x 10* m3 of oxygenated fracturing
fluid may interact with ~1.5 x 107 m3 of shale (Balashov et al., 2015). Assuming the same
pyrite abundance as in the Marcellus experiments and initial equilibrium of the fluid with
respect to atmospheric pO,, these estimates imply a dissolved O, to pyrite molar ratio of
3.7 x 1077, which is far less than that required to completely oxidize the pyrite (i.e., a ratio
of 3.5; Eq. 1). Only 1.0 x 10°% of the pyrite would be oxidized under this scenario,
implying a similarly low percentage of release of trace metals via its dissolution, if
dissolution were to occur stoichiometrically. This suggests that at the scale of typical
hydraulic fracturing operations, the amount of pyrite oxidation that can occur will be
limited by the O, supply when the fluid is imbibed into the matrix. If the fluid is not
imbibed to a great extent, the reaction may occur mainly at the fracture-matrix interface,
where the supply of O, could still be excessive. Similarly at grain scale, the precipitation
of Fe-(oxy)hydroxides as surface coatings on pyrite may severely limit the reaction rate
of individual pyrite grains, effectively stopping pyrite oxidation. In either case, the
magnitude of release of contaminants such as Pb from pyrite dissolution will be governed
in part by the amount of oxygen injected into the subsurface, which is a function of the

concentration of dissolved oxygen in and the volume of the fracturing fluid injected, and
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the degree to which this fluid is imbibed into the matrix. The rock:fluid ratios are high in
the subsurface, thus even the reaction of a small proportion of reactive phases like pyrite
at the fracture-fluid interface may strongly alter the fluid composition.

3.2.3. Dissolution of carbonate minerals

There are a number of minerals in all of the shales that could dissolve to release Ca
and Mg to solution, including the carbonate minerals calcite [CaCO3] and dolomite
[Ca,Mg(COs),], illite, smectite, and chlorite-group clay minerals, and plagioclase feldspar
(Ca-endmember anorthite [CaAl,;Si;Og]). Dissolution of carbonate minerals is rapid
compared to dissolution of aluminosilicate minerals, and calcite dissolution in particular
is rapid compared to dolomite dissolution (Palandri and Kharaka, 2004; Pokrovsky et al.,
2005). The relatively low degree of Si and Al release in these experiments compared to
Ca is consistent with the large differences in dissolution rates of Ca-bearing minerals, and
implies that aluminosilicates were not the primary source of dissolved Ca in these
experiments. Dissolution of carbonate minerals, on the other hand, is rapid and provides
alkalinity to solution. Thus, the coincidence of rapid Ca release rates and rapid pH
increases are consistent with Ca-carbonate mineral dissolution as the main source of
dissolved Ca in these experiments. Analysis of the shales following reaction with XRD
confirmed a reduction of calcite content in all shales, whereas the abundances of dolomite
and clays were less altered (Jew et al., in press). We conclude that calcite dissolution was
the primary source of dissolved Ca for both carbonate-poor and carbonate-rich shales.
However, the occurrence of plateaus in Ca concentration and the magnitude of Ca
concentration at these plateaus are attributed to different factors for the carbonate-rich

compared to the carbonate-poor shales.
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Speciation calculations revealed that coincident Ca concentration and circum-neutral
pH plateaus for the carbonate-rich shales (EF and GR) are associated with achievement of
equilibrium with respect to calcite (Figure 5); the fluid reached saturation with respect to
calcite within 48 h and remained approximately at equilibrium throughout the remainder
of the short-term experiments. Similarly, throughout the intermediate- and long-term EF
and GR experiments, fluids remained approximately at equilibrium with respect to
calcite. In contrast, for the carbonate-poor B and M shales, the solutions remained
undersaturated with respect to calcite for experiments of all durations (Figure 5). Mass
balance calculations based on bulk XRF analysis of the initial materials and final aqueous
Ca concentrations revealed that these carbonate-poor shales were almost completely
stripped of Ca within three weeks, whereas the carbonate-rich EF and GR shales
maintained more than 70% of their initial Ca over the same time period (inset Figure 1a).
The plateaus in Ca concentration and pH are attributed to the exhaustion of the accessible
calcite for the carbonate-poor shales, and to the achievement of equilibrium with respect
to calcite for the carbonate-rich shales. The magnitude of the Ca concentration at these
plateaus is therefore dictated by the mass of fluid-accessible calcite for the carbonate-
poor shales, and the extent of dissolution required to achieve equilibrium for the
carbonate-rich shales. The concentration of Ca and fluid pH at equilibrium with respect to
calcite will differ slightly between the experiments and field conditions due to the lower
pressure used in the experiments.

Calcite dissolution generates alkalinity, yet the oxidative dissolution of pyrite
generates acidity. Both reactions were documented to occur on a similar timescale in all

experiments with pyrite-bearing shales. The pH of the fluid at which the pH values
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plateau therefore reflects the balance between the extent of pyrite dissolution and the
abundance of calcite available to the buffer the fluid pH. In the case of the carbonate-poor
shales (B and M), fluids remained acidic as there was insufficient calcite available to
counterbalance the combined acidity of the initial fracturing fluid and that generated from
pyrite oxidation. Conversely, the carbonate-rich EF and GR shales had sufficient
alkalinity-generating capacity to neutralize all acidity. The extent of calcite dissolution
that occurs in a shale formation will therefore depend on the initial pH and volume of the
injected fluid, as well as the abundance of pyrite in the shale and amount of dissolved
oxygen in the injected fluids.

Notably, dolomite, another fairly abundant carbonate mineral in these shales (Table
2), remained undersaturated in the B and M experiments, was close to equilibrium in the
short- and intermediate-term EF experiments, and was slightly supersaturated in the GR
experiments (SI Figure S8). The saturation state of siderite [FeCOs] could not be
calculated for the EF and GR experiments due to the lack of aqueous Fe concentration
data, but it remained undersaturated in the B and M experiments. This finding implies
that although dissolution of these other carbonate minerals likely occurred, calcite exerted
the strongest control on overall fluid pH and Ca concentrations. The low Mg
concentrations documented in the EF shale experiments indicate little dolomite
dissolution occurred, despite the solutions approaching equilibrium with respect to
dolomite. The similar temporal trends in aqueous Mg compared to Ca indicate it was

likely sourced from the dissolution of Mg-bearing calcite for the B and M shales.
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3.3 Alteration of porosity
3.3.1. Porosity generation

Discrete holes of size similar to intact calcite grains in unreacted material (10s of
microns) were observed post-reaction in the B shale for all experimental durations
(Figure 6). These holes are attributed to the preferential dissolution of calcite. The
generation of large, isolated pores was not observed for the M shale, despite the removal
of the majority of the calcite from this shale (Figure 6). This result is attributed to
differences in initial calcite distribution and size between the two carbonate-poor shales;
the calcite in the M was distributed as clusters of smaller grains (<10 pm), compared to
generally larger (~15-50 pm), isolated grains in the B (SI Figures S9 and S10). In the EF
shale, calcite was also generally distributed as large, isolated grains (SI Figure S11).
Changes in surface morphology of the EF were not broadly evident, but some particles
did exhibit a mottled texture indicative of porosity generation (Figure 6).

Unlike the other shales, calcite was distributed as pervasive cement that filled the
areas between silicate and dolomite grains in the GR shale (SI Figure S12). The
preferential dissolution of this calcite cement generated a mottled, spongy texture over
the majority of the GR shale surface, consistent with the generation of a porosity network
(Figure 6). We inferred from aqueous compositions that ~30% of the calcite was lost
from the GR shale. Assuming uniform reaction, this translates to a reaction front
penetrating ~42 um deep in each GR particle, and approximately a 1.5-fold increase in
the total estimated bulk pore volume of the particles (initial porosity estimated at 10%;
Law et al., 1986). Although the secondary porosity network did not appear to be as

uniform in the other shales, the calculated bulk pore volume increase for the entire shale
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mass of each type was similar. The increase in bulk pore volume was estimated to be 3.0-
, 2.2-, and 3.4-fold for the B, EF, and M shales, respectively, based on mass balance
estimates of calcite loss, and initial porosity values of 3%, 9%, and 4%, respectively
(Chalmers et al., 2012; Jennings and Antia, 2013; Law et al., 1986).

Our experiments reveal that the interaction of the calcite-bearing shales with acidic
fracturing fluid will generate porosity due to calcite dissolution, but the connectivity and
distribution of this porosity is dictated by the pore-scale distribution of calcite. Isolated
calcite grains tended to generate discrete pores, whereas more homogeneous calcite
distribution appeared to result in a more pervasive secondary porosity network. It is well
known that even minor changes in porosity can profoundly influence the permeability of
a rock (Andreani et al., 2009; Gouze and Luquot, 2011; Luquot et al., 2012; Luquot and
Gouze, 2009; Smith et al., 2013), but the net effect of the generated porosity on fluid
transport in these shales requires further investigation. It is possible that secondary
porosity could enhance the transport of hydrocarbons across the matrix-fracture interface
by increasing permeability. Alternatively, hydrocarbon and fluid transport could be
inhibited due to capillary effects or weakening of the shale matrix and the subsequent
collapse of fractures and large pores. The higher pressure in shale formations compared
to our experiments is likely to exert a strong control on the importance of these porosity-
altering reactions on permeability, and the imbibition of the fluid into the matrix, which
requires further investigation. The manner in which permeability evolves under stress is
impacted by shale mineralogy; clay-rich shales tend to exhibit greater pore-throat
compressibility (Al Ismail and Zoback, 2016). Therefore the observed geochemical

reactions may alter the response of shale permeability to the stresses experienced during
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hydraulic fracturing due to changes in composition and distribution of pore types and
sizes. Regardless, our experiments reveal that geochemical reactions have the potential to
alter porosity, and the manner in which it is altered will depend not only on the

abundance, but also on the distribution of highly reactive phases such as calcite.

3.3.2. Porosity occlusion

3.3.2.1 Fe(lll)-bearing precipitates

Pyrite is the main source of aqueous Fe and SO4* from the M and EF shales, thus
the deficit between measured Fe concentrations and those expected for stoichiometric
pyrite dissolution can be used to approximate the volume of Fe-(oxy)hydroxide
precipitated. In the B experiments, an additional source of Fe precludes simple mass
balance calculation. In the case of the M and EF, the main reaction product is inferred to
be amorphous Fe(OH)j; in the short-term experiments. Assuming a density of ferrihydrite
(3.96 g/cm?3; Jambor and Dutrizac, 1998), the volume of Fe(OH); precipitated is only
~4% and 6% of the pore volume generated via calcite dissolution for the EF and M
shales, respectively. Despite the reddish coloration observed in the reactors, Fe-
(oxy)hydroxides were not observed with SEM, which is consistent with the calculated
low volume of precipitates. Thus, calcite dissolution appears to have more strongly
influenced the evolution of porosity than did precipitation of secondary phases.
Nevertheless, depending on the location in which precipitates form, for example in pore
throats versus large pores, they may exert an important control on the transport properties
of the rock even with a small volume precipitated (Andreani et al., 2009; Gouze and

Luquot, 2011; Luquot et al., 2012; Luquot and Gouze, 2009; Smith et al., 2013). The
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formation of Fe(III)-precipitates requires the oxidation of both pyrite and aqueous Fe(II),
and therefore the total volume of precipitates that can form will be limited by the amount
of oxidizing agents that are injected, particularly dissolved O,.

Although the majority of pyrite oxidation concluded within three weeks, speciation
calculations revealed that the type of Fe(III)-bearing precipitate may have changed over
time during the intermediate- and long-term experiments, as is consistent with known
stability of Fe(III)-(oxy)hydroxides (Cudennec and Lecerf, 2006; Schwertmann et al.,
1999). The morphology, size, and density of the precipitates are expected to evolve
during these phase transformations (Johnston and Lewis, 1983; Michel et al., 2010),
therefore porosity and permeability may have continued to evolve due to these
transformations. The crystalline phases hematite and goethite were highly supersaturated
during the early stages of the reaction for both the M and B shales, whereas the saturation
index of amorphous Fe(OH); declined towards equilibrium in the short-term experiments.
However, in the intermediate- and long-term B experiments, the fluids were
undersaturated with respect to amorphous Fe(OH)s, yet close to equilibrium with respect
to hematite and goethite (Figure 4). The same was true for duplicate intermediate-term
and one of the long-term M experiments. The other long-term M reactor remained close
to equilibrium with respect to amorphous Fe(OH)3 due to the higher pH of this reactor
compared to its duplicate (data not plotted). The transition from saturation with respect to
amorphous Fe(OH)j; to the more crystalline Fe(IIT)-bearing phases suggests that the
poorly crystalline precursors may have been replaced by more stable phases over time
(Steefel and Van Cappellen, 1990). Although saturation indices may have been

overestimated due to relatively slow aqueous Fe(II) oxidation rates (i.e., not equilibrium),
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and complexation with organics in the fracture fluid or native to the shale that were not
accounted for in the speciation calculations, phase transitions are nevertheless expected in
the Fe(III)-(oxy)hydroxide system (Cudennec and Lecerf, 2006; Schwertmann et al.,
1999). The reduction in porosity of a reaction layer during similar phase transformations
between hydrated Mg-carbonate minerals has been postulated to severely limit reaction
rates of dissolving minerals (Harrison et al., 2016, 2015). Though not directly observed in
the present study, it is possible that the ripening of secondary phases in the shale-
hydraulic fracturing fluid system results in continued porosity and permeability evolution
over the longer term even after cessation of pyrite oxidation.
3.3.2.2. Al-bearing precipitates

Colorless, gelatinous suspended solids were observed within 6 h in all of our short-
term experiments, including controls, and persisted throughout the intermediate- and
long-term experiments. These solids were not successfully recovered from the short-term
experiments but were selectively removed at the conclusion of the intermediate- and
long-term experiments. Precipitates associated with this gelatinous substance consistently
appeared as bulbous, pseudo-spherical entities as observed using SEM (SI Figure S6).
EDS analysis indicated that these precipitates are composed of Al, O, and in some cases,
Cl, suggesting that they are a poorly-crystalline Al-hydr(oxide) phase (SI Figure S6).
Speciation calculations revealed that the Al-hydroxide phases gibbsite [Al(OH)3] and
boehmite [y-AlO(OH)] became supersaturated within 100 h in all short-term experiments
(SI Figure S13). The relatively constant level of supersaturation achieved with respect to
these phases in the short-term experiments suggests the aqueous Al concentrations were

controlled by precipitation of an amorphous Al-hydr(oxide) phase, which is consistent
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with the observation of amorphous Al-hydroxide flocs that form during mixing of acidic
mine drainage waters with neutral surface waters (Furrer et al., 2002). The presence of
these Al-bearing precipitates in the short-term experiments could account for the
measured solution compositions, though their presence could not be confirmed with
SEM. Like the Fe(III)-(oxy)hydroxides, these Al-hydr(oxides) provide the potential to
clog pore space and fracture apertures, as well as acting as surfaces for adsorption of
trace metals, should they form in the subsurface. However, both boehmite and gibbsite
were undersaturated in the long-term experiments for all shales, suggesting that they may

not be stable for long durations.

3.4 Contaminant and trace element release
3.4.1 Lead, uranium, and nickel

One of the major environmental concerns of hydraulic fracturing operations is the
potential to contaminate ground or surface waters with toxic or radioactive metals such as
As, Pb, and U initially present in the host rock reservoir (Chermak and Schreiber, 2014;
Phan et al., 2015; Vengosh et al., 2014). Such contaminants can be released along with
other trace elements during dissolution of shale minerals and degradation of organic
matter (Jin et al., 2013; Jung et al., 2013; Phan et al., 2015; Tuttle et al., 2009; Wang et
al., 2015). To assess the source and fate of contaminant metals in our shale-fracturing
fluid experiments, the concentrations of U, Pb, and Ni were tracked with time. Lead is a
common trace element in pyrite that can be released upon its dissolution (Rimstidt and
Vaughan, 2003), whereas U in the Marcellus shale is primarily hosted in silicate

minerals, with up to 20% hosted in carbonate minerals (Phan et al., 2015). Aqueous
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concentrations of both Pb and U remained too low for accurate measurement for all but
the M shale. Nickel is a common minor element in pyrite (Rimstidt and Vaughan, 2003)
that was present at higher abundance than U and Pb in the shales we examined (Table 1).
Nickel concentrations were therefore tracked to provide insight as to the behavior of the
typical pyrite-bound contaminants that were not successfully measured for the EF and B
shales.

Nickel release from the M and B shales exhibited behavior similar to that of SO, in
the short-term experiments, and there was negligible Ni release from the GR shale. These
trends are consistent with Ni being sourced primarily from pyrite dissolution (Figure
7a,b). Declines in Ni concentration were observed in the intermediate- and long-term EF
experiments, and remained relatively stable throughout the durations of the intermediate-
and long-term B experiments (Figure 7a). Nickel concentrations also exhibited moderate
declines in the intermediate- and long-term M experiments, and the maximum
concentrations differed between duplicate reactors, as was documented for Ca, Fe, and
pH (Figure 7b).

Similar to Ni, the temporal trend in aqueous Pb concentration mimicked that of SO4*
in the short-term M experiments, implying that Pb was also released from dissolving
pyrite (Figure 7c). Conversely, U was released rapidly from the M shale in the first 24 h,
after which its concentration continued to increase at a much slower rate, reaching a
maximum of 64 pg L-! in the short-term experiments (Figure 7d). This result for U is
similar to the behavior of Ca and fluid pH, implying that U is primarily sourced from
carbonate dissolution, which is consistent with observations of Phan et al. (2015).

However, both U and Pb concentrations exhibited pronounced declines over time in one
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each of the duplicate intermediate- and long-term M experiments (Figures 7c,d). In the
other duplicate reactors, U, and Pb concentrations remained significantly lower
throughout the experimental durations (Figure 7d). The reactors with low aqueous
concentrations of U, Pb, and Ni were also those for which aqueous Ca concentrations and
pH were high, but Fe concentrations were low. A comparison of maximum U, Pb, and Ni
concentrations versus maximum fluid pH for the M reactors of all durations reveals a
tendency of lower U, Pb, and Ni concentration with higher pH (Figure 8a). Sulfate release
occurred to a similar magnitude in both intermediate-term M duplicates, and sulfate
concentrations were higher in the long-term duplicate experiment with lower Ni, U, and
Pb concentrations, indicating that the lower aqueous concentrations of these trace
elements cannot be attributed to less pyrite dissolution. Rather, like the concentrations of
these trace elements, a tendency toward lower aqueous Fe:S molar ratio as a function of
pH was observed in the M reactors (Figure 8b), which is indicative of a greater extent of
Fe-(oxy)hydroxide precipitation in the reactors with higher pH. The removal of U, Pb,
and Ni from solution likely reflects adsorption at the surface of and/or co-precipitation
with these secondary (oxy)hydroxide phases, a well-known phenomenon (Bargar et al.,
1997; Benjamin and Leckie, 1981; Bruno et al., 1995; Duff et al., 2002; Enid Martinez
and Mcbride, 1998). This greater degree of Fe-(oxy)hydroxide precipitation is facilitated
by a faster rate of aqueous Fe(II) oxidation, which increases as a function of pH (Morgan
and Lahav, 2007; Stumm and Lee, 1961), and resulted in lower aqueous concentrations of
trace metals for the M reactors. A similar process could account for the decline in Ni
concentrations in the EF reactors, implying that trace metal contaminants may also be

removed in this fashion for the EF shale. The stabilization of Ni concentrations in the
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longer-term experiments for the B and GR shales may indicate the cessation of
dissolution of the source phase for Ni; therefore, it is not clear whether sequestration of
trace metals was occurring in these experiments.

Although the formation of precipitates may serve to clog porosity and inhibit
hydrocarbon recovery, they may also be beneficial due to the apparent mitigation of
contaminant release. However, the transformation from less to more stable phases over
time may affect the sorption capacity of the secondary phases, therefore contaminant
concentrations may continue to evolve along with porosity. As both the precipitation of
(oxy)hydroxides and the subsequent sorption of metals are favored at higher pH,
contaminant mobility will be highly sensitive to the relative proportion of acid and
alkalinity-generating reactants — namely the abundance of calcite and pyrite in the shale,
and the concentration of dissolved O, and acidic additives present in the fracturing fluid.
Higher acid concentrations and lower carbonate mineral content will tend to favor
mobility of contaminants. These results imply that the contamination of flowback and
produced waters will depend not only on the abundance of contaminants in a given shale
formation, but on the relative abundance of acidity- and alkalinity-generating minerals.
The composition of hydraulic fracturing fluid should be tailored according to shale
mineralogy. For example, a more acidic fluid could be used with carbonate-rich shales
while still permitting high pH conditions in the formation.

3.4.2. Strontium release

Trace metals such as Sr, which is commonly substituted in carbonate minerals

(Tesoriero and Pankow, 1996), can be used as tracers of fluid-rock interaction that help

identify sources of flowback and produced waters (Capo et al., 2014; Chapman et al.,
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2012; Phan et al., 2016). Strontium concentrations were tracked over time in the
experiments to assess the degree to which mineral dissolution may control Sr
concentrations and isotopic compositions in the subsurface. Strontium exhibited an
initially rapid release for all shales in the short-term experiments and plateaued at
relatively constant values for the majority of the intermediate- and long-term
experiments, comparable to the behavior observed for Ca and Mg (Figure 9). The release
of Sr is primarily attributed to the dissolution of carbonate minerals, particularly calcite,
as has been observed during reaction of the Gothic shale with brine and CO,, and was
inferred to occur during hydraulic fracturing fluid interaction with Marcellus shale at
field scale (Jung et al., 2013; Stewart et al., 2015). Similar to the release of U and Pb, the
extent of release of Sr under field conditions will therefore depend primarily on the
balance between acidity- and alkalinity-generating reactions and the ensuing extent of
carbonate mineral dissolution. The rapid dissolution rate of calcite upon contact with the
fracturing fluid highlights that the release of Sr from carbonate minerals in the shale
formations must be considered when Sr isotopic compositions of produced waters are
used to determine the sources and flow paths of these waters. If the Sr isotopic
composition of the carbonate in the shale formation is known, the Sr isotopic composition
of the fluid can also be used to help constrain the extent of fluid-rock interaction incurred

in the fractured formation.

4. Summary and implications for hydraulic fracturing operations

Our experiments revealed that exposure of shales to hydraulic fracturing fluid can

induce an array of reactions independent of the exact composition of the shale. The
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mineralogy of the shale, along with the distribution of the minerals, will strongly dictate
the evolution of fluid composition. The simulated fracturing fluid in our experiments
prompted extensive dissolution of calcite and pyrite, and minor dissolution of silicate
minerals in all shales containing these minerals. The dissolution of calcite tended to
generate porosity, which could serve either to enhance hydrocarbon transport, or may
lead to weakening of the shale matrix and collapse of fractures. On the other hand, the
formation of secondary (oxy)hydroxide phases will clog pore spaces and may block
fracture apertures, a process that may contribute to the field-observed inefficient recovery
of hydrocarbons. Mineral dissolution reactions released trace metal contaminants to
solution that could be brought to the surface with produced and flowback waters,
incurring the risk of contaminating surface waters and necessitating treatment of
produced waters for safe disposal or re-use (Vengosh et al., 2013, 2014). However, the
precipitates were inferred to remove the contaminants from solution via adsorption and/or
co-precipitation, which could partially mitigate contaminant transport in the subsurface.
Mineral dissolution-precipitation reactions, rates of aqueous Fe(II) oxidation, and
sorption of contaminants are highly sensitive to fluid pH, which was found to be
governed most strongly by the mineralogical composition of the rock. Carbonate-rich
shales rapidly recovered fluid pH to circum-neutral conditions, whereas fluids in contact
with carbonate-poor shales remained acidic. More extensive calcite dissolution generated
higher pH, and permitted an apparently greater extent of Fe-(oxy)hydroxide precipitation
and more efficient removal of metal contaminants from solution. The implication is that
both reaction-induced porosity alteration and the release of contaminants will depend

strongly on the volume of fluid injected, as well as the acidity of the fluid and the
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dissolved oxygen content. Moreover, the mineralogical composition and pore-scale
distribution of highly reactive phases, such as pyrite and calcite, will dictate the degree to
which contaminants are released and the manner in which porosity develops, as will the
effective rock volume with which the fluid reacts (i.e., the degree of imbibition). Further
investigation is required to better understand the physical controls on fluid uptake into the
matrix and thus the extent of reaction that may occur. In any case, our experiments reveal
that both the release of contaminants and formation of porosity-clogging precipitates
could be minimized by utilizing fracturing fluids with lower dissolved oxygen content.
Although fracturing fluids often include complexing agents designed to inhibit
precipitation of secondary phases to minimize mineral scale formation, our experimental
results suggest that this practice may counteract the beneficial removal of metal
contaminants from solution in the presence of O,. Overall, our experiments illustrate that
fracture fluid compositions and residence times should be adjusted according to shale
mineralogy. In carbonate-rich reservoirs, more rapid flushing of fluids, higher acid
concentrations, or higher concentrations of Fe-complexing agents would be required
compared to carbonate-poor reservoirs to reduce mineral precipitation. In carbonate-poor
reservoirs, on the other hand, the low fluid pH may facilitate greater release of metal
contaminants (e.g., U, Pb), and therefore more treatment and monitoring of flowback and
produced waters may be required. It should also be noted that formation waters typically
contain much higher total dissolved solids then were used in our experiments. This
difference in initial fluid chemistry may impact some of the reactions observed in our
experiments, such as the saturation state of secondary minerals, and the sorption behavior

of trace metals. The impacts of high total dissolved solids therefore require further
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investigation, although the degree to which these fluids may be displaced and diluted, and
therefore continue to react within the fractured zone is unknown. Our experiments
confirm that a number of reactions can be induced between shales and fluids containing
the typical fracturing fluid additives, highlighting the need to better understand these

interactions over a variety of geochemical conditions.

Supporting Information
A detailed description of the experimental design, analytical methods, speciation

calculation results, and supplementary data are available in the Supporting Information.
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1061
1062  Table 1. Initial chemical composition of shale samples®

Element® Barnett Marcellus Green River Eagle Ford
Na (wt.%) 0.10 <0.01 0.94 <0.01
Mg (wt.%) 0.63 0.78 4.41 0.37
Al (Wt.%) 7.29 10.50 2.66 5.82
Si (wt.%) 25.53 28.41 12.27 15.97
S (wt.%) 0.90 2.05 0.10 1.13
K (wt.%) 1.65 2.07 1.07 0.89
Ca (wt.%) 2.51 423 13.64 16.67
Fe (wt.%) 2.48 4.56 1.78 2.12
Ni (ng/g) 126.4 275.1 27.1 71.2
U (ng/g) 2.6 33.5 3.8 <04
Pb (ng/g) 12.9 3255 16.4 11.5
Sr (ng/g) 275.3 182.6 884.1 494.7
Mn (pg/g) 172.9 209.2 290.8 90.0
As (ng/g) 10.3 32.4 11.9 19.7

1063 3Data are from x-ray fluorescence analysis and are reproduced from Jew et al. (in press).
1064  “Uncertainty for triplicate measurements is < 5%.

1065
1066  Table 2. Initial mineralogical composition of shale samples based on x-ray
1067  diffraction analysis?

Carbonate-poor Carbonate-rich
1(\3::15/:; ;} Barnett Marcellus Green River Eagle Ford
Quartz 442 422 314 25.2
Feldspars 4.9 3.7 8.0 nd*
Calcite 8.2 11.6 232 64.5
Dolomite nd 1.1 28.9 nd
Pyrite 2.1 6.4 nd 2.7
Analcime nd nd 8.5 nd
Clays 40.6 35 nd 7.6

1068  2Data reproduced from Jew et al. (in press).
1069  Panalytical uncertainty is < 15 wt.%
1070  °nd = not detected
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Figure Captions

Figure 1. Aqueous concentrations of (a) calcium, (b) pH, (c) iron, and (d) sulfate versus
reaction time for all short-term experiments. Inset in (a) shows the percentage of total Ca
remaining in the solid phase based on x-ray fluorescence spectroscopy of the initial solids
and final aqueous Ca concentrations. The labels B, B2, M, EF, and GR represent the
short-term Barnett, Barnett duplicate, Marcellus, Eagle Ford, and Green River
experiments, respectively. Dashed lines in (c) represent calculated Fe concentrations
based on measured SO, concentrations, assuming stoichiometric pyrite dissolution.
Duplicate reactors are distinguished by filled versus unfilled symbols of the same type.

Analytical error is smaller than symbol size unless otherwise shown.

Figure 2. Aqueous concentrations of (a) calcium, (b) pH, (c) iron, and (d) sulfate versus
reaction time in all intermediate- and long-term experiments. Dashed and solid lines
without symbols in (¢) represent calculated Fe concentrations based on measured SO,
concentrations, assuming stoichiometric pyrite dissolution. Line colors correspond to
color coding for shale type as indicated in (a). Duplicate reactors are distinguished by
filled versus unfilled symbols of the same type or different dash types for dashed lines.

Analytical error is smaller than symbol size unless otherwise shown.

Figure 3. Silicon (a) and aluminum (b) concentrations versus reaction time in short-term

experiments. Duplicate reactors are distinguished by filled versus unfilled symbols of the

same type. Analytical error is smaller than symbol size unless otherwise shown. Silicon
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and aluminum mass balance (c) displayed as the percentage of total Si or Al remaining in
the solid phase based on x-ray fluorescence spectroscopy of the initial solids and final
aqueous Si and Al concentrations. Solid and striped bars represent Si and Al,

respectively.

Figure 4. Saturation indices of secondary Fe(Ill)-bearing phases versus reaction time in
the Marcellus (a) and Barnett (b) experiments of all durations. For clarity, only one of the
Marcellus duplicates for the intermediate- and long-term experiments is shown. Orange,
red, and black lines represent goethite [a.-FeO(OH)], hematite [a-Fe,0;], and amorphous
Fe(OH)s, respectively. The solid grey line indicates chemical equilibrium with respect to

a given solid phase (i.e. saturation index = 0).

Figure 5. Saturation index of calcite [CaCOQs] in all experiments. Data from the short-,
intermediate-, and long-term experiments are represented by triangles, circles, and
squares, respectively. Duplicate reactors are distinguished by filled versus unfilled
symbols of the same type. The black dashed line indicates chemical equilibrium with

respect to calcite (i.e. saturation index = 0).

Figure 6. Scanning electron micrographs of reacted versus unreacted shale samples.
Barnett unreacted (a), Barnett reacted (b), Marcellus unreacted (c), Marcellus reacted (d),
Green River unreacted (e), Green River reacted (f), Eagle Ford unreacted (g), and Eagle

Ford reacted (h).
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Figure 7. Aqueous Ni concentration versus time for the Barnett, Eagle Ford (EF), and
Green River (GR) reactors of all durations (a). Aqueous Ni (b), Pb (c), and U (d)
concentration versus time for Marcellus reactors of all durations. Duplicate reactors are
distinguished by filled versus unfilled symbols of the same type. Analytical error is

smaller than symbol size unless otherwise shown.

Figure 8. Maximum measured aqueous Pb, U, and Ni concentrations versus maximum

measured pH in Marcellus reactors of all durations (a). Analytical error is smaller than

symbol size unless otherwise shown. Aqueous Fe to S molar ratios versus pH for all time

points in Marcellus reactors of all durations (b). Duplicate reactors are distinguished by

filled versus unfilled symbols of the same type.

Figure 9. Aqueous Sr concentration versus time in all reactors. Duplicate reactors are
distinguished by filled versus unfilled symbols of the same type. Analytical error is

smaller than symbol size unless otherwise shown.
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