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6 ABSTRACT: Mixing of acid mine drainage (AMD) and hydraulic fracturing
7 flowback fluids (HFFF) could represent an efficient management practice to
8 simultaneously manage two complex energy wastewater streams while reducing
9 freshwater resource consumption. AMD discharges offer generally high sulfate
10 concentrations, especially from the bituminous coal region of Pennsylvania;
11 unconventional Marcellus shale gas wells generally yield HFFF enriched in alkali
12 earth metals such as Sr and Ba, known to cause scaling issues in oil and gas
13 (O&G) production. Mixing the two waters can precipitate HFFF-Ba and -Sr with
14 AMD-SO4, therefore removing them from solution. Four AMD discharges and
15 HFFF from two unconventional Marcellus shale gas wells were characterized and
16 mixed in batch reactors for 14 days. Ba could be completely removed from
17 solution within 1 day of mixing in the form BaxSr1−xSO4 and no further significant precipitation occurred after 2 days. Total removal
18 efficiencies of Ba + Sr + SO4 and the proportion of Ba and Sr in BaxSr1−xSO4 depended upon the Ba/Sr ratio in the initial HFFF. A
19 geochemical model was calibrated from batch reactor data and used to identify optimum AMD−HFFF mixing ratios that maximize
20 total removal efficiencies (Ba + Sr + SO4) for reuse in O&G development. Increasing Ba/Sr ratios can enhance total removal
21 efficiency but decrease the efficiency of Ra removal. Thus, treatment objectives and intended beneficial reuse need to be identified
22 prior to optimizing the treatment of HFFF with AMD.

23 ■ INTRODUCTION

24 The Appalachian Basin Marcellus and Utica shales represent
25 two of the largest unconventional natural gas reservoirs in the
26 United States with approximately 906 million m3 per day of
27 natural gas production.1 Pennsylvania alone accounted for
28 approximately 16% of the United States’ natural gas
29 production in 2018.2 More than 11 500 active unconventional
30 wells have been drilled in Pennsylvania3 in addition to an
31 estimated 100 000−300 000 conventional wells. While present-
32 ing economic growth opportunities to mainly rural areas, shale
33 gas extraction imposes significant strains on local freshwater
34 resources as each unconventional well consumes between 8000
35 and 100 000 m3 (2−13 million gallons) of water during well
36 stimulation.4 On a nationwide scale, approximately 90% of U.S.
37 unconventional produced water, including hydraulic fracturing
38 flowback fluid (HFFF), is disposed by injection, which has led
39 to concerns regarding seismicity, spills, and local water stress in
40 arid, semiarid, and even temperate regions such as
41 Pennsylvania during low-flow or drought conditions.5−9 Of
42 the six largest U.S. shale regions, four (Bakken, Niobrara,
43 Permian, and Eagle Ford) exhibit areas with extremely high
44 baseline water stress (defined as >80%), while the Marcellus
45 contains areas with high water stress (40−80%).10 Of the water
46 injected into the Marcellus or Utica, only 10−40% returns to

47the surface as the hydraulic fracturing flowback fluid (HFFF),
48here defined as the fluid that returns in the first 30 days of well
49production.11 Extraction activities in the Appalachian Basin
50produce a complex wastewater brine (10−300 g/L total
51dissolved solids (TDS)), which contains high concentrations
52of hydrocarbons, trace and heavy metals, naturally occurring
53radioactive material (NORM), and significantly elevated
54concentrations of other alkaline-earth metals such as Ba and
55Sr, posing issues for surface water disposal to streams.4,7,8,12−17

56Many of those same Pennsylvania streams have also
57experienced decades of acid mine drainage (AMD) due to
58abandoned coal mines and coal waste products, making AMD
59the second most persistent water quality problem in the state,
60second only to agriculture.18 There are approximately 5600
61abandoned coal mine sites in Pennsylvania that have impacted
62roughly 8850 km of streams, 1.5 km2 of freshwater lakes, and in
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63 2006 cost the state an estimated $108 million in recreational
64 fishing losses alone.18 Pennsylvania’s Abandoned Mine Lands
65 (AML) Program grants, derived from a fee on each ton of coal
66 mined by the active mining industry to remediate priority sites,
67 have not been sufficient to remedy the estimated $5−15 billion
68 dollars in watershed damages.18,19 Based on a recharge
69 estimate of 0.3 m/year over 10 360 km2 of mined land in
70 Pennsylvania, total AMD discharges would equal 8633 million
71 liters per day or a rough average of 1.5 million liters per day per
72 site consistent with ranges of measured discharges.20−22 AMD
73 is typically characterized by low to neutral pH (3−7) due to
74 sulfuric acid (H2SO4) leached from pyritic rocks, high
75 concentrations of metals including iron, manganese, and
76 aluminum, high conductivity, and relatively high concen-
77 trations of sulfate, depending on geologic locations.20 Sulfate
78 concentrations in bituminous coal mining regions (generally
79 western Pennsylvania) have been reported to be higher than
80 those of AMD in the anthracite region (generally eastern) of
81 Pennsylvania.20

82 Due to the proximity of O&G extraction activities and AMD
83 discharges in Pennsylvania, the use of AMD in place of local
84 freshwater withdrawals poses a unique opportunity to
85 repurpose AMD that otherwise pollutes local waterways.23−25

86 Coonrod et al. (2020) proposes the closing of the hydraulic
87 fracturing water cycle by encouraging “fit for purpose,” flexible,
88 and low-cost treatment technologies for industry reuse of
89 unconventional produced water followed by recycling for
90 alternative beneficial uses (i.e., agriculture, road deicing, and
91 dust suppression).26 The U.S. Environmental Protection
92 Agency (EPA) and Department of Energy (DOE) are
93 currently seeking alternative uses for O&G produced water
94 for beneficial use, as commonly practiced in the western
95 United States.27−30 Sequestration of alkaline-earth metals from
96 O&G wastewater including Ba, Sr, and Ra by sulfate mineral
97 co-precipitation into barite (BaSO4) and radiobarite (Ba,Ra)-
98 SO4 is widely reported and commonly utilized in produced
99 water radium treatment prior to surface water dis-

100posal.4,24,31−37 Less commonly reported but also effective in
101Ra and Sr sequestration is celestite (SrSO4) and radiocelestite
102(Sr,Ra)SO4 precipitation.12,24,34,38 Direct use of untreated
103AMD with high SO4 concentrations (previously proposed
104>100 mg/L SO4) for hydraulic fracturing has the potential to
105promote mineral precipitate scaling downhole, causing
106reservoir clogging and decreasing O&G extraction efficiencies,
107leading to industry trepidation regarding the process.39−41

108However, if AMD and produced water are blended at the
109surface prior to injection into the O&G formation, mineral
110precipitates would be allowed to form, settle, and be removed
111from the bulk fluid, allowing this wastewater recycle stream to
112be a viable and sustainable process.25 Previous studies have
113focused on the removal of SO4, Ba, and Ra through the
114formation of the thermodynamically favorable (Ba,Ra)SO4
115with less focus on (SrSO4) or (Sr,Ra)SO4 due to slower
116precipitation rates for use in field-scale treatment.23,24,42 Those
117same studies confirmed the formation of BaxSr1−xSO4 minerals
118but did not explore in depth the initial mixing conditions and
119volumetric mix ratios that led to varying compositional
120proportionsimportant for predicting total ion removal
121efficiencies (Ba + Sr + SO4) for treatment. Additionally,
122previous studies lacked quantitative guidance for optimum
123mixing of various input fluids and proposed future studies with
124longer duration to confirm that significant precipitation does
125not occur beyond a maximum of 48 h of mixing.
126This work addresses this knowledge gap by (1) character-
127izing the formation of BaxSr1−xSO4 with wide-ranging AMD−
128HFFF volumetric mix ratios and 14 day experiments and (2)
129developing a geochemical code based on experimental data to
130predict the formula of precipitates and extrapolating the data to
131wider mixing conditions for any volumetric mix ratio.
132Laboratory batch experiments were used to calibrate the
133model (CrunchFlow) to identify mixing ratios of AMD−HFFF
134that maximize total removal efficiencies of Ba + Sr + SO4.
135Finally, this study fills a knowledge gap by (3) identifying the
136importance of the initial AMD−HFFF mix Ba/Sr molar ratio

Figure 1. Map of abandoned mine sites and active unconventional O&G wells as of 2019 in Pennsylvania overlain by the Marcellus shale
formation. AMD sites A−D are within the bituminous coal region. Unconventional Marcellus shale gas wells 1 and 2 were sampled during both
early (E) and late (L) flowback periods.
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137 with regards to treatment agenda and wastewater management
138 decisions for either optimum Ba + Sr + SO4 and/or Ra
139 removal.

140 ■ MATERIALS AND METHODS

141 AMD and HFFF Liquid Characterization. Water samples
142 were collected and flowrates were measured in Spring and Fall
143 2015 from four AMD discharges in Pennsylvania (identified as

f1 144 A−D; Figure 1).
145 Two unconventional Marcellus shale gas wells located in
146 southwest Pennsylvania were sampled in Fall 2015 during both
147 early (E) (day 1−2) and late (L) (day 30) flowback periods to
148 yield four samples for testing (identified as 1E, 1L, 2E, and
149 2L). The four HFFF samples were stored up to 2 weeks at
150 ambient temperatures until mixing to mimic expected field

151conditions (e.g., storage in open ponds or tanks). The four
152AMD sites were selected because, collectively, their geo-
153chemical characteristics represent the bituminous coal region
154of southwest Pennsylvania. Previous sampling data narrowed
155viable AMD discharges to the bituminous coal region due to
156higher SO4 concentrations.43,44 Specific conductance, pH,
157temperature, and ORP were measured in the field at each
158location. Water samples were field-filtered with 0.45 μm
159cellulose acetate membrane filters and preserved with nitric
160acid (pH ≤ 2) for cation and trace metal analyses. Following
161filtration and preservation, samples were stored in a refrigerator
162at 4 °C in the laboratory prior to analysis. Raw AMD bulk
163water samples, like HFFF bulk water samples, were stored for
164up to 2 weeks at ambient temperatures until mixing. Chloride
165and sulfate concentrations were analyzed by colorimetry via

Table 1. Field Sampling and Laboratory Analysis for Major Ions from the Four AMD Sites (A−D) and Marcellus Shale Gas
Wells 1 and 2 during Both Early (E) and Late (L) HFFF Sampling

Table 2. Summary of Volumetric Mix Ratios in the 14 Day Batch Experimentsa

mixture

SO4:Ba + Sr SO4:Ba AMD HFFF barite celestite Ba Sr SO4 total[a] Ra-228 Ra-226

molar molar vol % vol % SI SI removal (%) removal (%) removal (%) removal (%) removal (%) removal (%)

A + IE 0.98 1.69 49 51 3.7 0.0 100 53 74 80 − −
A + 2E 0.93 8.04 46 54 2.8 0.1 100 46 53 54 − −
A + 1LT 1.24 2.09 60 40 3.9 0.1 100 41 73 78 − −
A + 2LT* 4.14 32.84 81 19 3.0 0.2 100 48 4 14 87 100
B + IE 1.05 1.81 86 14 3.0 −0.7 100 32 62 71 − −
B + 2E 1.00 8.65 84 16 2.1 −0.6 100 18 24 28 − −
B+ 1LT 1.43 2.41 91 9 3.1 −0.7 100 14 56 64 100 100
B+ 2LT 0.20 1.61 54 46 2.3 −0.5 73 0 100 9 − −
C + IE 1.23 2.13 89 11 3.1 −0.7 100 30 60 69 − −
C + 2E 1.18 10.24 88 12 2.1 −0.7 99 15 30 30 − −
C + 1LT 1.30 2.19 91 9 3.1 −0.7 100 22 51 63 − −
C + 2LT 0.15 1.21 51 49 2.2 −0.6 70 0 100 15 82 82
D + IE 1.14 1.97 93 7 2.7 −1.1 100 37 62 71 − −
D + 2E 1.09 9.49 92 8 1.8 −1.0 93 8 19 20 − −

aInitial barite and celestite SI were included for mixtures as well as removal efficiencies for Ba, Sr, SO4, and total (Ba + Sr + SO4) at the end of the
experiment. Ra-226 and -228 removal were only measured in three samples. b[a] Ba + Sr + SO4 removal. TTime-course mixtures sampled 0−14
days. * Ratio to achieve 1:1 mol equiv SO4Ba + (4*Sr). (−) Not analyzed.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b07072
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07072?ref=pdf


166 the standard method 4500 Cl-E automated ferricyanide
167 method and EPA method 375.2, respectively. Alkalinity was
168 analyzed by titration. Cations and trace metals were analyzed
169 by inductively coupled plasma mass spectroscopy (ICP-MS).
170 All sample data analyzed were within 10% charge balance
171 between cations and anions for quality assurance. Ions of

t1 172 importance to the study are presented in Table 1, while
173 complete datasets for AMD and HFFF samples are included in
174 the Supporting Information (Tables S1 and S2). Radium 226
175 and 228 were measured in the HFFF samples 1L and 2L and in
176 three samples collected after the 14 day batch reaction period.
177 Radium 226 was analyzed by radon emanation using EPA
178 method 903.1, and radium 228 was analyzed using the
179 Brooks−Blanchard method by precipitation of barium and lead
180 sulfate, purification, and β counting. Total organic carbon
181 (TOC) was measured on HFFF samples on a Shimadzu TOC-
182 VCPH TOC analyzer.
183 Batch Mixing Experiments. All batch mixing experiments
184 were conducted by combining different volumetric ratios of
185 AMD samples with HFFF samples in 5-gallon plastic
186 containers at 25 °C using raw unfiltered samples (n = 14

t2 187 mix ratios) (Table 2). Volumetric mixing ratios of AMD and
188 HFFF were calculated to achieve specific initial saturation
189 index (SI) values for barite and celestite (SI = log(ion activity
190 product[IAP]/Keq)), according to reactions detailed in Table
191 S3.
192 The majority of experiments were designed to provide 1:1
193 molar ratios of sulfate to barium plus strontium (SO4:Ba + Sr),
194 assuming no other reactions, for stoichiometric removal of
195 barium and strontium. While some AMD−HFFF mixtures
196 were slightly enriched in sulfate (e.g., A + 1L), others had only
197 enough sulfate to form barite but not celestite (e.g., A + 2E).
198 All barite SI values were higher under each mixing condition
199 compared to celestite SI values, indicating the favorability of
200 barite-driven precipitation. Some celestite SI values were near
201 equilibrium or even <0. The sulfate concentrations of the
202 AMD samples and the Ba + Sr concentrations of the HFFF
203 samples dictated the volumetric mixing ratios used for the
204 different experiments. A + 1E and A + 1L represented the
205 highest barite SI values due to the highest sulfate
206 concentrations, requiring among the least dilutions of HFFF
207 with AMD (51%:49% and 60%:40%, respectively). In contrast,
208 the low sulfate concentrations from D led to higher AMD
209 volumes diluting HFFF so that 1:1 SO4:Ba + Sr ratios were
210 achieved (93%:7%). Removal efficiencies were calculated as
211 the respective ratio of the individual or additive total mass
212 removal of Ba, Sr, and SO4 compared to the individual or
213 additive total initial mass from the AMD−HFFF mixture,
214 assuming conservative mixing of constituent solutions,
215 according to
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216 where Cf represents the final concentration of the mixture and
217 C0 represents the initial concentration of the mixture.
218 A subset of batch mixing experiments was designed to
219 provide initial SO4:Ba + Sr molar ratios that were far from 1:1.
220 For these cases, SO4:Ba + Sr molar ratios ranged from 0.15 to
221 4.14 (Table 2). These mixing experiments were used to
222 calibrate the geochemical model to identify the optimum
223 mixing ratios that maximize cation and sulfate removal. Three
224 of the four AMD sites were selected for time-course mixing

225experiments (n = 6) based on high (A, 3873 mg/L), median
226(B, 614 mg/L), and low (C, 448 mg/L) sulfate concentrations.
227From these mixing experiments, water samples were collected
228from the batch reactors each day from 0 to 14 days. These
229ratios reflect a varying mix of AMD−HFFF to achieve both an
230approximate 1:1 mol equiv of SO4:Ba + Sr (A + 1L, B + 1L, C
231+ 1L) and an approximate 1:1 mol equiv of SO4:Ba (B + 2L
232and C + 2L) to test if Ba or Ba + Sr controls precipitation.
233Experiment A + 2L mix ratio was targeted to achieve a 1:1 mol
234equivalent SO4:Ba + (4*Sr). Mixtures were analyzed for pH,
235alkalinity, Ba, Sr, Ca, and SO4 by geochemical testing in
236Somerset, PA. Ra was measured after 14 days for A + 2L, B +
2371L, and C + 2L.
238From the time-course mixing experiments, batch reactors
239were decanted and precipitates were collected for minera-
240logical analysis (n = 6). Precipitates were oven-dried at 60 °C,
241pulverized for homogeneity, and analyzed on a PANalytical
242Empyrean X-ray diffractometer (XRD) and Jade software in
243the Materials Characterization Laboratory (MCL) at The
244Pennsylvania State University.
245Geochemical Modeling with CrunchFlow. The reactive
246transport code CrunchFlow was set up to run in a reaction
247only (without transport) mode to simulate the laboratory
248batch mixing experiments.45 In such systems without advective
249and diffusive transport, the code solves the following governing
250equation for the concentrations of independent primary
251species Ci
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253where V is the total water volume of the batch reactor after
254mixing (L); the reaction rate ri,j (mol/s) is the jth mineral
255dissolution/precipitation reaction for species i following the
256transition state theory (TST) rate law; nr is the total number
257of mineral reactions that species i participates; ki,j is the kinetic
258rate constant (mol/m2/s) for reaction j; Aj is the mineral
259surface area (m2); IAP is the ion activity product (e.g.,

260aBa2+aSO4
2− for barite reaction, where the activity is the product of

261activity coefficient and concentration); and Keq,j is the
262equilibrium constant of reaction j. The term IAPj/Keq,j
263quantifies the extent of disequilibrium for reaction j. The
264saturation index (SIj = log(IAPj/Keq,j)) indicates the direction
265of mineral reactions, with positive values reflecting precip-
266itation and negative values indicating dissolution. The code
267solves eq 1 for np primary species and n−np secondary species
268that participate in fast, equilibrium reactions. The primary
269species in the model were H+, Ba2+, Br−, Ca2+, Fe3+, Mg2+,
270SiO2(aq), Na

+, Sr2+, Zn2+, SO4
2−, Cl−, and HCO3

−. Secondary
271species were NaCl(aq), CaCl+, MgCl+, BaCl+, SrCl+, CO3

2−,
272and CO2(aq). The code considers mineral precipitation
273reactions as kinetic-controlled and aqueous complexation
274reactions as thermodynamic-controlled. Even though the
275mineral precipitation is considered kinetically controlled, the
276solubility/thermodynamic limits of BaxSr1−xSO4 precipitation
277controlled the predicted final concentrations. Although time-
278course samples were collected daily, this sampling frequency
279undersampled the reaction kinetic features of these experi-
280ments. As such, the calibration of the kinetic constant to the
281data at the end of 2 days may underestimate the reaction rates.
282Therefore, we focus on thermodynamics relevant to the

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b07072
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07072/suppl_file/es9b07072_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07072/suppl_file/es9b07072_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07072/suppl_file/es9b07072_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07072?ref=pdf


283 formation of BaxSr1−xSO4 such that we do not overinterpret
284 the inferred kinetic information from the model. Batch reactor
285 volume and the initial chemistry of AMD and HFFF
286 immediately after mixing were used to set up the model; the
287 aqueous data and solid chemistry data from the mixing
288 experiments were used to calibrate the model. Equilibrium
289 constants of tertiary mineral precipitates, with the general
290 formula BaxSr1−xSO4 (Table S3), were included in Crunch-
291 Flow databases based on previous works.23,24,46 Comparisons
292 of best fit between laboratory experiments and theoretical total
293 removal efficiencies calibrated the mineral formulas utilized in
294 further modeling.
295 Under the constant temperature and pressure conditions in
296 the mixing experiments, the thermodynamic limits of the
297 precipitates (in the form of BaxSr1−xSO4) ultimately depend on
298 two factors. One is salinity because of the high ion content in
299 AMD and HFFF. The other is the value of x that quantifies the
300 Ba content. Generally, the solubility of barite (log Keq = −8.43)
301 is more than 2 orders of magnitude lower than that of celestite
302 (log Keq = −5.17). To calculate the solubility of BaxSr1−xSO4,
303 we followed the approach outlined in Rushdi et al. (2000),
304 which considers BaxSr1−xSO4 solubility influenced by three
305 factors: temperature, salinity, and Sr content. The salinity
306 effects were included by calculating the activity coefficients (eq
307 7 in Rushdi et al. (2000)), following the Pitzer Formalism and
308 ion-pairing model.47−50 These activity coefficients were then
309 used in eq 19 in Rushdi et al. (2000) to estimate equilibrium
310 constants based on the Sr substitution approach (see the
311 Supporting Information). Equilibrium constants estimated by
312 this approach are consistent with those from approaches based
313 on the solid solution theory.51−53 Based on these estimations,
314 we used log Keq values of −8.42, −8.13, −7.53, −6.93 for
315 (Ba0.90Sr0.10)SO4, (Ba0.75Sr0.25)SO4, (Ba0.50Sr0.50)SO4, and
316 (Ba0.25Sr0.75)SO4, respectively.

317 ■ RESULTS AND DISCUSSION
318 AMD and HFFF Fluid Characterization. Bituminous
319 AMD sites A−D had wide-ranging SO4 concentrations from
320 293 to 3873 mg/L (Table 1). From the previous work, four
321 anthracite AMD sites were sampled from northeastern
322 Pennsylvania and had lower SO4 concentrations ranging
323 from 53 to 175 mg/L.43,44 Differences in SO4 concentrations
324 between anthracite and bituminous regions, important for co-
325 treatment site selection, have been previously reported in
326 Pennsylvania and are a function of season, mine hydrology, and
327 time since mining operations.20

328 Because the four anthracite AMD sites were below, or just
329 above, the industry proposed 100 mg/L SO4 hydraulic
330 fracturing cutoff limit for water utilization, this study focused
331 only on the bituminous AMD sites with SO4 concentrations
332 >200 mg/L (Table 1). It should be noted that the proposed
333 100 mg/L SO4 cutoff limit for hydraulic fracturing water
334 utilization may still lead to some mineral precipitation in the
335 O&G reservoir due to reaction with Ba concentrations in situ.
336 Thus, utilizing AMD with SO4 concentrations <200 mg/L or
337 treating HFFF with AMD <100 mg/L SO4 may be worthwhile
338 moving forward if water recycling for use in hydraulic
339 fracturing is the treatment goal.
340 HFFF samples had high TDS concentrations, which slightly
341 increased, for most constituents, from early to late production
342 (Table 1). Sample Well 1L had significantly more Ba than Sr
343 with a Ba/Sr molar ratio of 2.3, whereas sample Well 2L had
344 significantly less Ba than Sr with a Ba/Sr ratio of 0.2.

345Comparing the two, Well 1 had six times more Ba than Well 2,
346while Well 2 had 2 times more Sr. The HFFF compositions fall
347within ranges reported for produced water from Marcellus
348shale gas wells and reflect the variability between wells drilled
349in the same O&G formation within a similar geographic
350region.54 Well 1 had higher Fe concentrations than Well 2
351HFFF, while Well 2 Ca and Mg concentrations were more
352than double those in Well 1. The presence of other cations,
353such as Na and Ca, is important with regards to inhibition of
354barite and celestite precipitation kinetics through lattice growth
355poisoning.24,55

356For the effects of organics, He et al. (2014) reported that
357TOC concentrations of 52 mg/L do not impact barite
358precipitation kinetics, likely increase barite solubility as
359previous studies also demonstrated, and decrease celestite
360precipitation kinetics.24,56,57 In this study, Well 1E has TOC
361concentrations 5.4 times higher than Well 2E (180 vs 33 mg/
362L). We did not explicitly include the effects of organics on
363mineral precipitation in the model. However, the model was
364calibrated to actual measurements of Ba and Sr, which
365implicitly included the effects of TOC upward of 180 mg/L.
366Additionally, previous studies have indicated increased barite
367solubility, upward of 3 times, in the presence of organic matter
368that cannot be sufficiently incorporated in models, which
369typically overestimate Ba removal.24,56,57 Due to the model
370overestimation of barite precipitation, laboratory data is vital
371for mixing ratio optimization calibration.
372Kinetic Mixing Experiments and Mineral Precipitate
373Analysis to Calibrate the Model. From exploratory mixing
374experiments based on a 1:1 molar ratio of SO4:Ba + Sr, ideal
375scenarios for the kinetic mixing experiment were selected
376(Table 2) and major and trace element data are presented in
377 f2f3Table S4. Based on time-course samples (Figures 2 and 3,
378Table S5), 100% of Ba was removed for all but two AMD−
379HFFF mixtures (C + 2L with 70% Ba removal and B + 2L with
38073% Ba removal) (Table 2). Both mixtures also had among the
381lowest total removals of Ba + Sr + SO4 and the lowest SO4:Ba
382+ Sr molar ratios of the time-course experiments (0.15 and
3830.20, respectively). The maximum total removal of Ba + Sr +
384SO4 in this study was 80%, for mixture A + 1E, which occurred
385with the highest initial barite SI and approximate 1:1 molar
386ratios of both SO4:Ba + Sr and SO4:Ba. However, for this same
387mixture, individual removals of Sr and SO4 were only 53 and
38874%, respectively. Mixture D + 2E, which had the lowest initial
389barite SI of 1.8 and one of the highest AMD:HFFF mix ratios
390of 92%:8%, produced among the least total removal of Ba + Sr
391+ SO4 at 20%. Despite overall low total removal efficiency, Ba
392removal still remained high at 93%.
393Batch mixing experiments indicated that there was little
394additional precipitation of minerals after 1 day of mixing. While
395true equilibrium may not have been achieved within 2 days
396(e.g., Sr increases slightly in some mixtures with longer
397residence time due to potential isomorphic substitution of Ba
398into celestite24), total removals were complete within 2 days.
399These results are promising for industry application of AMD−
400HFFF co-treatment as shorter residence times would decrease
401the size of infrastructure and, ultimately, cost.
402Overall, best Ba (∼100%) and Sr (∼50%) removal occurred
403at 1:1 mol equiv SO4:Ba+ Sr mixes. Best SO4 removal occurred
404at ratios of 1:1 mol equiv of SO4:Ba due to lack of sulfate
405precipitation when Ba is completely removed and did not
406depend on Sr concentrations. These results provide important
407insight into the reuse of AMD−HFFF mixtures to avoid
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408 reinjecting residual sulfate into O&G formations where
409 precipitation could occur with resident Ba.
410 XRD analysis of mineral precipitates did not detect celestite
411 (SrSO4) in samples collected after 14 days, even in the
412 presence of residual SO4 and Sr concentrations. Instead, XRD-
413 detected Sr co-precipitated with Ba in the form BaxSr1−xSO4,
414 while the most common minerals detected were
415 Ba0.75Sr0.25SO4, BaSO4 and NaCl (Table S6). NaCl presence
416 was likely a function of AMD−HFFF fluid in the pore water of
417 the precipitated solids, which precipitated NaCl during drying
418 prior to XRD analysis. No carbonate minerals (SrCO3 or
419 CaCO3) were detected by XRD though pH did increase to 7.8
420 in two of the reactors, and SI for both minerals in all mixtures
421 indicated supersaturation (Figure S1). To promote carbonate
422 precipitation of Sr and inhibiting Ca presence, as suggested in
423 previous studies,58 use of high alkalinity lime-treated AMD
424 remains a potential option for enhanced alkaline-earth metal
425 removal from HFFF.
426 Model Extrapolation for Maximum Removal Effi-
427 ciency AMD−HFFF Mixing Ratios. From both lab data and
428 XRD analysis of precipitates, the CrunchFlow model was
429 calibrated utilizing varying proportions of x within the
430 BaxSr1−xSO4 formula. An example of the mineral and kinetic

f4 431 calibration can be seen in Figure 4 where removal efficiencies
432 from lab data were best-matched to (Ba0.75Sr0.25)SO4,

433(Ba0.50Sr0.50)SO4, and (Ba0.90Sr0.10)SO4 and then applied to
434the time series of Ba, Sr, and SO4 concentrations. Best-
435matched BaxSr1−xSO4 proportions from the model sweep-
436represented mixing experiments are presented in Table S7. The
437proportions of Ba and Sr in the mineral precipitate ultimately
438depend on the Ba/Sr molar ratio of the initial HFFF. For Ba/
439Sr molar ratios >1, the value of x was 0.75 or greater, while Ba/
440Sr molar ratios <1 contained compositions of x = 0.50 or less.
441 f5Figure 5a represents the general 1:1 relationship between Ba
442+ Sr removed as a function of SO4 removed during AMD−
443HFFF mixing experiments. All but two of the experiments
444exhibit stoichiometric removal of all species through the co-
445precipitation of strontian barite. A + 1E (SO4:Ba + Sr = 0.98)
446falls above the 1:1 relationship, indicating higher removal of Ba
447+ Sr relative to SO4, whereas A + 1L (SO4:Ba + Sr = 1.24) falls
448below the 1:1 line. The deviations from the 1:1 relationship
449could indicate minor precipitation (below XRD detection of
450<5% composition) of additional sulfate (e.g., CaSO4) or
451carbonate (e.g., SrCO3) minerals. Figure 5b demonstrates a
452strong positive logarithmic relationship between total removal
453efficiency (Ba + Sr + SO4) and the initial SI of BaSO4 in the
454AMD−HFFF mixtures. Higher values of BaSO4 SI led to
455higher total removal efficiencies.
456The CrunchFlow code, calibrated with experimental data
457and end-product BaxSr1−xSO4 formulas (confirmed by XRD),
458was then used to run simulations for varied volumetric mixing
459ratios of AMD−HFFF from 10 to 90% (Figure 4). Based on
460the model results, removal efficiency can be maximized at
461 f6unique mixing ratios for each pair of AMD + HFFF (Figure 6).

Figure 2. Fourteen day laboratory results for the mixture B + 1L at a
91%:9% AMD/HFFF volumetric ratio to achieve a 1:1 molar ratio of
SO4:Ba + Sr. Mixture B + 2L was mixed at a volumetric ratio of
54%:46% to achieve an approximate 1:1 molar ratio of SO4:Ba. The
results for Ba, Sr, and SO4 are shown for each experiment. Note that
in experiments where Ba has been completely removed from solution,
Sr and SO4 still remain dissolved. However, when SO4 has been
completely removed from solution, both Ba and Sr remain dissolved.
Sr is never totally removed from solution. Even though Ba is
consistently removed from solution, celestite SI continues to decrease
with time.

Figure 3. Fourteen day laboratory results for AMD site A (in blue)
and AMD site C (in green). A + 1L and C + 1L were mixed at
differing volumetric ratios of AMD/HFFF to achieve a 1:1 molar ratio
of SO4:Ba + Sr (60%:40% and 91%:9%, respectively). A + 2L was
mixed to achieve a 1:1 molar ratio of SO4:Ba + (4*Sr). C + 2L was
mixed to achieve a 1:1 molar ratio of SO4:Ba.
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462 The AMD−HFFF ratios for optimum removal of Ba + Sr +
463 SO4 are directly affected by the SO4 concentration in the AMD
464 and the Ba and Sr concentrations in the HFFF. Because these

465concentrations in AMD samples A, B, and C and samples Well
4661E and Well 2E (all paired simulations shown in Figure 6) all
467varied, optimum total removal efficiencies were always

Figure 4. Example of calibrating model output removal efficiencies (Ba, Sr, SO4, and total (Ba + Sr + SO4)) with laboratory batch reactor-
determined removal efficiencies (gray bars) with the optimum compositions of Ba and Sr in BaxSr1−xSO4 (left). 75 and 25%, respectively, were
chosen to be the best composition representatives of the final batch mixing test precipitates, confirmed by the XRD results and plotted as
concentrations versus time for B + 1L (right).

Figure 5. (a) Ba + Sr removal versus sulfate removal. The 1:1 line denotes stoichiometric removal of strontian barite. Dots below the 1:1 line
indicate more removal of sulfate than Ba and Sr. Dots above the 1:1 line indicate more removal of Ba and Sr than SO4. (b) Total removal efficiency
versus initial BaSO4 saturation index.

Figure 6. Geochemical model results for total removal efficiency (Ba + Sr + SO4) versus volumetric % AMD in the mixture for (a) AMD sites +
Well 1E and (b) AMD sites + Well 2E. The model results shown as lines with small symbols and large circles at the modeled optimum mixing ratio.
The experimental results are shown as large diamonds. The modeled results show the percentage of AMD required to achieve the potential
maximum total removal efficiencies, which can be applied to any initial solution chemistry to optimize treatment mixtures. Note that AMD
mixtures with Well 1 had the highest optimum total removal efficiencies greater than or equal to 75% compared to Well 2 mixtures. Well 1 had a
significantly higher initial Ba/Sr ratio than Well 2, which contributes to higher total removal efficiencies.
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468 achieved as some unique volumetric mixing ratio. Because of
469 the high sulfate concentration of AMD sample A, maximum
470 removal efficiencies for the mixtures A + 1E and A + 2E could
471 be achieved at lower volumetric mixing ratios of AMD−HFFF
472 as compared to AMD samples B and D. Because of the higher
473 concentrations of Ba and Sr in sample Well 1E, maximum
474 removal efficiencies for mixtures with all three AMD samples
475 were always higher with Well 1E as compared to Well 2E.
476 Well 1 HFFF mixing yielded relatively consistent maximum
477 removal efficiencies between 75 and 85% due to higher Ba
478 concentrations compared to Well 2. Thus, high Ba
479 concentrations in HFFF are required initially to efficiently
480 remove Ba, Sr, and SO4 from solution. Ba concentrations in
481 HFFF ultimately control total removal efficiency, while AMD
482 vol % of mixtures can be adjusted using the model developed
483 in this study to achieve the ideal SO4:Ba ratio. It is important
484 to note here that Well 1E HFFF-optimized mixing ratios lead
485 to higher total ion removal than Well 2E HFFF even though
486 TOC concentrations in Well 1 HFFF were 5.4 times higher,
487 further evincing the initial Ba concentrations as a controlling
488 mechanism.
489 Potential Beneficial Uses of AMD−HFFF-Treated
490 Fluids With Regards to Radium Removal. Consistent
491 with the previous work indicating that AMD−HFFF mixing
492 provides significant Ra removal,32,58,59 Ra removals for three
493 AMD−HFFF mixtures were >96% for Ra-226 and >82% for
494 Ra-228, leading to the highest remnant total Ra concentration
495 in a treated fluid of approximately 44 pCi/L (Table 2). This
496 value is less than the 60 pCi/L EPA National Pollutant
497 Discharge Elimination System (NPDES) standard for disposal
498 of treated HFFF to surface water. Ouyang et al. (2019) and
499 Ouyang (2019) analyzed the solid precipitates from this
500 study’s mixing experiments and found that 80−97% of the Ra-
501 226 was associated with sulfate minerals and that higher
502 specific Ra-226 sequestration increased with increasing Sr/Ba
503 ratios of the initial AMD−HFFF mixture.59,60 This is
504 important with regards to Ra treatment due to the ability to
505 adjust Sr/Ba ratios to concentrate more Ra into a smaller mass
506 of precipitate for subsequent landfill disposal. From previous
507 studies, Ra readily co-precipitates into binary or ternary solid
508 solutions such as (Ba,Ra)SO4 and (Ba,Sr,Ra)SO4, which were
509 not modeled in this study.12,36−38,61 Zhang et al. (2014) and
510 Rosenberg et al. (2018) found that co-precipitation of
511 (Ba,Ra)SO4 could also explain Ra removal behavior.32,62 The
512 AMD−HFFF mixtures in this study had partition coefficients
513 for Ra incorporation within celestite (250−1700) 2 magni-
514 tudes greater compared to barite (1.7−11.3).59 Calculated SI
515 values for celestite either remained steady or decreased with
516 time (Figures 2 and S2) even though the Sr/Ba molar ratio
517 steadily increased as Ba precipitated from the mixture.
518 Furthermore, literature discrepancies exist where decreasing
519 Sr/Ba ratios (in the range of 0−1)32,63 and increasing Sr/Ba
520 ratios (in the range of 10−10 000)64 increase Ra removal, with
521 no data for Sr/Ba ratios between 1 and 10. In this study, initial
522 Sr/Ba ratios were approximately 0.7 and 7 and resulted in
523 diverging specific Ra activities (Bq/g) in the solids, with the
524 higher initial Sr/Ba ratios of 7 leading to the highest average
525 specific Ra activity and lowest average mass of the
526 precipitate.59 This result is significant due to the inverse
527 trend in maximizing the total removal of Ba + Sr + SO4 with
528 lower Sr/Ba ratios (Figure S3). From charge-balanced
529 Pennsylvania conventional and unconventional USGS Pro-
530 duced Water Database samples,65 Sr/Ba ratios range widely

531from 0.1 to above 1000. Mixing ratios for initial Sr/Ba ratios in
532AMD−HFFF can be adjusted depending on the ultimate
533treatment agenda. For example, if AMD−HFFF treatment is
534intended for reuse in hydraulic fracturing, decreasing the initial
535mixture Sr/Ba molar ratio is necessary to maximize Ba + Sr +
536SO4 removal to avoid remnant SO4 concentrations reinjected
537into the formation. If AMD−HFFF treatment (with similar
538ratios presented in this study) is intended for recycling water
539for agriculture, dust suppression, or road deicing, increasing
540the initial Sr/Ba molar ratio maximizes Ra concentration into a
541smaller mass that is more cost effective to landfill and creates a
542near Ra-free fluid that can be beneficially used. A hybrid of
543both treatment agendas can also be defined.
544At the time of publication, Tasker et al. (2018) identified 13
545U.S. states that utilized conventional O&G wastewater for dust
546suppression and deicing, targeting high TDS brines enriched in
547Ca and Mg.66,67 Conventional- and unconventional produced
548waters share similar inorganic chemistry.65 While HFFF
549samples were utilized in this study, the developed CrunchFlow
550code can be applied to both conventional and unconventional
551produced waters. Michigan did not differentiate between the
552allowable use of unconventional versus conventional produced
553water on roads until 2012.68 In a regulatory survey of a subset
554of states that allowed road spreading, only oil−water
555separation was required prior to spreading or no treatment.68

556Ra was not monitored in brines of states surveyed, and New
557York and North Dakota were the only states to monitor lead
558and arsenic concentrations. Over 60 million liters of conven-
559tional produced water were road spread for dust suppression in
5602012 in Pennsylvania.66 If road maintenance is the desired
561treatment outcome for produced waters, operators can utilize
562the malleable Sr/Ba ratios for secondary treatment that
563maximizes Ra removal and, from this study, reduces arsenic
564concentrations between 4 and 20 times and reduces lead
565concentrations between 33 and 100 times. Ca concentrations
566remained high throughout batch experiments (Figure S1),
567indicating fluids with good potential for dust suppression. In
568some O&G regions, such as Wyoming, produced water with
569high sulfate concentrations and relatively low Ba and Sr
570concentrations is recycled for agriculture.28,30,69 Our results
571suggest that adding preformed barite mineral seed to existing
572infrastructure could decrease the Sr/Ba ratio and induce
573maximum mass removals of Ba + Sr + SO4, creating a recycled
574fluid more appropriate for agricultural end-use.
575Environmental Implications of Optimizing Energy
576Waste Stream Mixing for Beneficial Use. AMD discharges
577from the bituminous coal region of Pennsylvania remain a
578viable treatment candidate when mixed with HFFF prior to
579water recycling for stimulation of shale gas wells or other
580beneficial reuses. While Ba can be removed completely at
581molar ratios of 1:1 (SO4:Ba + Sr) within 1 day of mixing, Sr
582and SO4 concentrations remaining after 14 days appear
583dependent on the Ba/Sr ratio of the initial HFFF. When Ba
584is depleted, Sr will not be removed without the potential
585addition of alkalinity for alternative mineral precipitation
586(beyond the scope of this study). XRD analysis confirmed that
587celestite did not form; rather, Sr co-precipitated with Ba in the
588form of BaxSr1−xSO4 where x depends on the Ba/Sr ratio of the
589HFFF. With data obtained in this study, an open-source
590geochemical code predicts optimal mix ratios to remove Ba
591and SO4 in the mix and is now available in the SI for regulators
592and operators. This optimum volumetric mix ratio depends on
593the initial HFFF-Ba concentration, whereas the maximum
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594 removal efficiency is a function of initial Ba and SO4
595 concentrations, or BaSO4 SI. AMD-SO4 concentrations,
596 ranging from low to high, could achieve the same total
597 maximum removal efficiencies when Ba concentrations from
598 initial HFFF were high at AMD−HFFF mix ratios determined
599 from the model. Further, this study sheds light on the diverging
600 potential process flow pathway for management decisions
601 regarding beneficial uses of AMD−HFFF co-treated fluids.
602 High initial fluid Sr/Ba molar ratios (approximately >10) can
603 lead to optimized treatment for Ra removal, generating a small
604 mass of highly concentrated radioactive precipitates that would
605 be more cost effective to landfill and a nearly Ra-free fluid. Low
606 initial Sr/Ba molar ratios (approximately <1) can lead to
607 optimized treatment for the total removal of Ba + Sr + SO4,
608 generating a large mass of precipitates, including Ra, and a fluid
609 that would be more applicable for use in hydraulic fracturing
610 water recycling.
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