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Abstract 22 

The development of unconventional oil and gas (UOG) resources has rapidly 23 

increased in recent years; however, the environmental impacts and risks are poorly 24 

understood. A single well can generate millions of liters of wastewater, representing a 25 

mixture of formation brine and injected hydraulic fracturing fluids. One of the most 26 

common methods for wastewater disposal is underground injection; we are assessing 27 

potential risks of this method through an intensive, interdisciplinary study at an injection 28 

disposal facility in West Virginia. In June 2014, waters collected downstream from the 29 

site had elevated specific conductance (416 µS/cm) and Na, Cl, Ba, Br, Sr and Li 30 

concentrations, compared to upstream, background waters (conductivity, 74 µS/cm). 31 

Elevated TDS, a marker of UOG wastewater, provided an early indication of impacts in 32 

the stream. Wastewater inputs are also evident by changes in 87Sr/86Sr in stream water 33 

adjacent to the disposal facility. Sediments downstream from the facility were enriched 34 

in Ra and had high bioavailable Fe(III) concentrations relative to upstream sediments. 35 

Microbial communities in downstream sediments had lower diversity and shifts in 36 

composition. Although the hydrologic pathways were not able to be assessed, these 37 

data provide evidence demonstrating that activities at the disposal facility are impacting 38 

a nearby stream and altering the biogeochemistry of nearby ecosystems.  39 

 40 

  41 
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Introduction 42 

Increasing demand for fossil fuels and depletion of traditional oil and gas 43 

reservoirs has driven the development of shale gas, coal-bed methane (CBM), and 44 

other unconventional oil and gas (UOG) resources using technologies such as 45 

directional drilling and hydraulic fracturing e.g., 1. These resources are an important part 46 

of the United States’ energy resource portfolio. While CBM production is estimated to 47 

remain at current levels of national gas production (8%), development of shale gas is 48 

estimated to account for at least 50% of all natural gas produced in the U.S. by 2040.2 49 

Production of UOG resources results in liquid (e.g., produced waters or wastewaters), 50 

solid (e.g., drill cuttings), and gaseous wastes, which pose unknown risks and potential 51 

consequences to the quality of atmospheric, groundwater, surface-water, soil, and 52 

environmental resources.  53 

Wastewaters from UOG production are mixtures of residual fluids used to 54 

complete the well and formation brine.1, 3-7 Initially these wastewaters reflect the 55 

composition of the injected fluid, then over time, the chemistry shifts to reflect the 56 

chemical composition of the formation, e.g., 5. Wastewaters from the Marcellus Shale 57 

typically have elevated total dissolved solids (TDS, up to 300,000 mg/L),5, 8-10 variable 58 

concentrations of organic compounds,6, 11 and naturally occurring radioactive material 59 

(NORM12). An average well producing from the Marcellus Shale yields approximately 5 60 

million liters of wastewater over its lifetime; these large volumes of returned fluids, with 61 

complex chemistries, present water management challenges. The chemistry can affect 62 

the suitability of wastewaters for reuse or the strategy for disposal.3, 4, 13, 14 63 
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UOG wastewaters are managed in a variety of ways including treatment and re-64 

use for new well completions,15 disposal through publicly owned or commercial 65 

wastewater treatment plants,14, 15 or disposal in Class II underground injection control 66 

(UIC) wells.4, 14, 15 Class II disposal wells are estimated to be disposing of over 2 billion 67 

gallons of wastewater from oil and gas operations every day.16 They are located across 68 

the United States and there are approximately 36,000 Class II UIC wells handling 69 

wastewaters from UOG operations.16 Impacts on environmental health from accidental 70 

or intentional releases during handling, disposal, treatment, or re-use are poorly 71 

documented, with few reports in the literature.17 Potential pathways for wastewater to 72 

enter surface water or groundwater include: (1) releases from pipelines or tanker trucks 73 

transporting fluids, (2) leakage from wastewater storage ponds through compromised 74 

liners and overflows from the ponds, or (3) migration of the fluids through the 75 

subsurface at the injection depth or through failed injection well casings. Research is 76 

needed to examine the potential impacts of wastewater releases on environmental 77 

health, which are likely to accelerate with the growing pace of UOG development. 78 

Near Lochgelly, West Virginia, wastewaters from UOG development are 79 

disposed of in a Class II UIC well. A small stream runs through the facility and provides 80 

an opportunity to sample surface water and sediments near a wastewater disposal 81 

operation (Fig. 1). This study is a part of a larger effort by the US Geological Survey 82 

(USGS) and university researchers to quantify biogeochemical and human health 83 

changes resulting from UOG wastewater disposal.18 Here, we used key field and 84 

inorganic chemical signatures, as well as microbial community compositions, to identify 85 

UOG wastewater impacts to stream biogeochemistry by characterizing differences 86 
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between sites within the disposal facility and background sites located upstream or in a 87 

separate drainage with no known inputs from oil and gas development. Although the 88 

pathway of contaminants from the disposal facility to the stream could not be assessed, 89 

these results clearly demonstrate that wastewater handling practices at the site affect 90 

stream and sediment quality. 91 

 92 

Materials and Methods 93 

 Site Description. The study area is located near a UOG wastewater UIC facility 94 

(disposal facility) in central West Virginia (Fig. 1 and S10). The disposal well was 95 

originally drilled in 1981 as a natural gas production well to a depth of 990.6 m. The well 96 

was reworked as a Class II injection well in 2002, with fluids injected into a sandstone 97 

reservoir at a depth of 792.5 m. In addition to the disposal well, the facility has brine 98 

storage tanks, an access road, and two small, lined impoundment ponds. Until the 99 

spring 2014, a portion of the wastewaters were temporarily stored in the holding ponds 100 

prior to injection to allow for settling of particulates that could potentially clog the pore 101 

space in the receiving reservoir. The ponds operated from 2002 to spring 2014 when 102 

they were removed and the area re-contoured and planted with grass.  103 

A certified record inventory for the site was obtained from the West Virginia 104 

Environmental Quality Board (WVEQB), which provided API numbers for 25 wells 105 

shipping wastewaters to the facility. Between 2002 and 2014 the UIC well injected 106 

approximately 1.5 million barrels (equal to ~178 million liters) of wastewater from the 25 107 

production wells located in West Virginia. Information about these production wells was 108 

obtained from the West Virginia Department of Environmental Protection (WVDEP), 109 
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Office of Oil and Gas permit database ((http://tagis.dep.wv.gov/oog/) as detailed in 110 

Table S1.  All of the wells are producing natural gas, with 15 wells producing coal bed 111 

methane, while four wells are producing from the Marcellus Shale. An additional 4 wells 112 

are characterized as horizontal gas wells producing from the Lower Huron shale 113 

formation (Lower Huron is WVDEP nomenclature, USGS usage is Huron Member of the 114 

Ohio Shale). We were unable to find records for the remaining two wells listed in the 115 

WVEQB document.  116 

The Wolf Creek watershed encompasses 4430 hectares with Wolf Creek flowing 117 

to the northeast and joining the New River ~10 km downstream from the facility (Fig. 118 

S10). The New River is used for recreation and is a local drinking-water source. The 119 

headwaters of Wolf Creek flow through areas of past surface coal mining that have 120 

since been covered or reclaimed and are primarily residential or agricultural land.19 121 

Despite reclamation, Wolf Creek was classified as biologically impaired by the WVDEP 122 

in 2008, due to high levels of iron and dissolved aluminum,20 which may be due to acid 123 

mine drainage from the Summerlee coal mine.21  124 

 An initial reconnaissance-sampling trip conducted in September 2013 indicated 125 

potential impacts to the headwaters requiring additional investigation (Table 1, Fig. 1). 126 

To further study impacts from the disposal facility, samples were collected from two 127 

control locations within the Wolf Creek watershed: 1) a small tributary that runs through 128 

the disposal facility and 2) a separate drainage (referred to as “background drainage”), 129 

Site 2, with no potential impact from the disposal facility (Fig. 1A, Table 1). The tributary 130 

begins upstream from the disposal facility and runs adjacent to the disposal well, and 131 

downhill from the two former impoundments (Fig. 1B). The background drainage-stream 132 
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meets the disposal-facility-stream prior to joining the main stem of Wolf Creek, ~ 1,000 133 

m downstream from the facility (Fig. 1A). No samples were obtained for the current 134 

study below Site 3 due to other industrial activities in the area (e.g., an automotive 135 

junkyard).  136 

 Site Sampling and Analysis. The disposal facility and background drainage 137 

streams (Site 2) were sampled in June 2014 at five points within the disposal facility, 138 

including locations upstream (Site 4), within (Site 5 and 6), and downstream (Sites 7 139 

and 3) from the disposal facility (Fig. 1B, Table 1). Conductivity, pH, and aqueous Fe2+ 140 

were determined in the field as described in the SI Methods. Water samples were 141 

collected from the approximate center of the stream for analysis of alkalinity, cations, 142 

anions, strontium (Sr), oxygen (O) and hydrogen (H) isotopes, nonvolatile dissolved 143 

organic carbon (NVDOC), trace inorganic elements, and disinfection byproducts (DBP) 144 

as described in the SI Methods. Additional field measurements and water samples for 145 

NVDOC and major and minor cations were collected in September 2013 and 2014 at 146 

Sites 2, 7, and 3. Streambed sediment samples were collected for carbon, nitrogen and 147 

sulfur elemental analysis (CNS), Fe speciation, total inorganic elements, and microbial 148 

community analysis as described in the SI Methods. Detailed sampling, quality 149 

assurance/quality control (QA/QC) procedures, and analytical methods are described in 150 

the SI Methods. No hydrologic measurements were conducted or groundwater sampled 151 

during the September and June sampling efforts. Further investigations into the 152 

hydrology of the site were not possible due to site access limitations. The microbial 153 

community sequence dataset was deposited in the National Center for Biotechnology 154 
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Information (NCBI) Sequence Read Archive (SRA) under accession number 155 

SRP073303. 156 

 157 

Results and Discussion 158 

Impacts to Stream Water Quality. Tributaries of Wolf Creek that were sampled 159 

in September 2013, June 2014, and September 2014 showed impacts on the tributary 160 

downstream from the injection disposal facility (Fig. 1, Table 1). In September 2013 161 

exploratory sampling indicated that there was elevated specific conductance at Sites 7 162 

and 3 compared to the background drainage Site 2 (Table 1). Intensive sampling in 163 

June 2014 revealed that background sites located in the separate drainage (Site 2) or 164 

upstream (Site 4), with no known UOG wastewater inputs, exhibited no visual signs of 165 

impacts or disturbance due to anthropogenic activity. Waters at these sites had neutral 166 

pH and specific conductance (~80 µS/cm, Table 1) in line with that of minimally 167 

impacted streams in the area. Sites 5, 6, 7 and 3, which were located on, adjacent to 168 

the disposal injection well, adjacent to the former holding ponds, or downstream, 169 

respectively, all exhibited visual signs of impacts. All 4 of these sites had red-orange 170 

sediments and waters characterized by neutral pH (Table 1). At Sites 6, 7, and 3 there 171 

were hydrocarbon odors once the sediment was disturbed, although Site 6 waters had a 172 

specific conductance in line with background sites and Site 5. Waters from sites 173 

downstream from the former impoundments (Sites 7 and 3) had elevated specific 174 

conductance (~400 µS/cm) indicating that visual impacts at these sites were associated 175 

with alterations to the stream chemistry. The elevated specific conductance provided 176 

the field evidence that impacts to the stream are due to UOG wastewaters, because 177 
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produced waters from both conventional and unconventional oil and gas wells in the 178 

Appalachian Basin are characterized by high salinity.5, 6, 10, 22-26 Specific conductance at 179 

all of the sites was lowest at the June 2014 sampling time point, likely due to the fact 180 

that 3.0 cm of precipitation fell in 24 hours on June 12, 2014 in nearby Beckley, WV,27 181 

less than one week prior to our sampling on June 17, 2014. 182 

  Water samples collected in June 2014 showed clear differences in chemistry 183 

upgradient and downgradient from the waste-disposal facility (Fig. 3 and Table S2). 184 

Streams in this region are naturally low in NVDOC; below 1.5 mg/L at both background 185 

sites at the time of sampling (Fig. 3a, Table S2). Concentrations increased to 2.2-3.3 186 

mg/L at sites on and downgradient from the facility. In contrast, nitrate (NO3
-) and 187 

sulfate (SO4
2-) concentrations in the stream decreased on and below the disposal 188 

facility. Total Fe concentrations adjacent to the former impoundments were 8.1 mg/L, far 189 

in excess of the 0.13 mg/L found upstream from the facility (Table S2). 190 

 Chloride (Cl-, 115 mg/L) and bromide (Br-, 0.80 mg/L) concentrations were 191 

elevated adjacent to the former impoundments (Site 7), compared to 0.88 mg/L Cl- and 192 

<0.03 mg/L Br- at Site 4, upstream from the facility (Fig. 3b,c Table S2). The 193 

concentrations at Site 7 correspond to a Cl/Br ratio (mass basis) of ~144, which is in-194 

line with produced waters derived from evaporated paleoseawater.28 Dissolved calcium 195 

(Ca2+), sodium (Na+), strontium (Sr2+), and barium (Ba2+) concentrations were also 196 

elevated at Sites 7 and 3 (Fig. 3b,c). Due to the very low concentrations of Cl- and Na+ 197 

in the background water, these elements and Br-, Sr2+ and Ba2+, serve as a good local 198 

tracer of UOG wastewater impacts.29 Iodine can be another indicator of UOG 199 

wastewater impacts,30 however, concentrations were below the detection limit of 1 mg/L 200 
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at all sites. Concentrations of several trace elements were also elevated above 201 

background, particularly lithium (Li+), which is present at over 6 times the background 202 

concentration at Site 7 (Table S2, Fig 3e). Increased trace element concentrations in 203 

surface waters may be due to mobilization from sediments by the wastewater-derived 204 

inorganic salts, similar to what has been observed for roadside soils impacted by 205 

deicing salts.31-39
 Increased concentrations of Cl-, Br-, Sr2+ and Ba2+ have been found in 206 

Pennsylvania streams downstream from wastewater treatment plants.30, 40 Elevated Br- 207 

concentrations in UOG wastewaters can lead to increases in disinfection byproducts 208 

(DBP) downstream from wastewater treatment plants,41 however DBP were not 209 

observed at any of the sites sampled in the Wolf Creek tributary.42 210 

 Although the concentrations of Cl- between Sites 7 and 3 didn’t change 211 

(indicating minimal dilution between the sites), concentrations of Ca2+ and Na+ 212 

decreased by 12%, Ba2+ and Li+ by 9% and Sr2+ by 6%. Bromide decreased to below 213 

detection at Site 3. The losses from solution of these elements indicate potential for 214 

incorporation into the stream-bed sediments. Skalak et al. 2014,43 found the 215 

accumulation of Sr, Ca, and Na (in addition to Ra) in soils in areas of Pennsylvania 216 

where road spreading of produced-water brines was a common approach for de-icing. 217 

Comparing the June 2014 results to those from September 2013 and 2014 shows that 218 

most elements that were elevated compared to background sites in June were lower in 219 

absolute concentration than observed during the September samplings (Fig. 2), 220 

indicating dilution associated from recent rain events prior to the June 2014 sampling.27 221 

 Isotopic indicators of UOG wastewater sources. Isotopic data for H, O, and Sr 222 

in samples collected in June 2014 show marked differences (Fig. 4; Tables S2 and S5). 223 
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Background samples from Sites 2 (background drainage) and 4 (upstream), exhibit 224 

lower Sr concentrations and higher 87Sr/86Sr (>0.713), than the samples on or below the 225 

disposal facility suggesting contribution from additional sources of water into the stream.  226 

Because Sr isotopes do not fractionate appreciably in the environment, sources of Sr-227 

rich water with a lower 87Sr/86Sr ratio appear to contribute to the stream near Site 6 and 228 

again below the disposal facility (Sites 3 and 7). For context, these data are compared 229 

against late stage produced waters from the Marcellus Shale from Greene County, 230 

Pennsylvania and mine drainage water from the various Pennsylvanian age coals in the 231 

area (external Sr data from 44). There is some spatial variability in strontium isotope 232 

geochemistry across the Marcellus Shale, so data from the closest county (Greene) 233 

were used. On this type of plot (87Sr/86Sr vs. 1/Sr), mixtures between any two end-234 

members plot as straight lines (Fig. 4a). The data point for the Site 6 sample falls along 235 

a mixing line between upstream water (Site 4) and Marcellus Shale produced waters. 236 

End-member mixing calculations suggest the sample from Site 6 is the result of a small 237 

contribution of Marcellus Shale produced waters (0.004%). Such small contributions can 238 

be identified because of the high concentration of Sr in Marcellus Shale produced water 239 

(>1500 mg/L) relative to the stream water (<0.1 mg/L). The Sr signatures for samples 240 

from Sites 3 and 7, downstream from the disposal site are markedly different from the 241 

Site 6 sample.  Their compositions overlap with data from Pittsburgh coal mine water, 242 

potentially suggesting an input of up to 50% of CBM produced waters in these samples. 243 

Loss of the apparent Sr signature from Marcellus Shale produced waters in these 244 

samples relative to the upstream Site 6 sample may be due to an over-printing by the 245 
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relatively Sr-rich coal-sourced water (~1.2 mg/L coal-sourced water contribution vs. ~0.1 246 

mg/L contribution from the Marcellus Shale produced water). 247 

 Results from the δ18O and δ2H analyses (Fig. 4b) indicate that all of the samples 248 

collected are dominated by local meteoric water.  Produced water samples from the 249 

Marcellus Shale from southwestern Pennsylvania are located distal to the local meteoric 250 

water line (LMWL) related to their origin from surface water mixing with formation water, 251 

which is highly evaporated paleoseawater.5 No published δ18O and δ2H data exist for 252 

conventional oil and gas wells produced waters in nearby areas, but examination in 253 

other parts of the basin show overlap between Marcellus Shale produced waters and 254 

those from conventional oil and gas wells.5, 23 Thus, these data show no indication of 255 

mixing with substantial quantities of Marcellus Shale produced waters or likely any local 256 

conventional hydrocarbon produced waters. However, with a potential contribution of 257 

<1% such as possibly predicted from Sr isotopes at Site 6, no shift in δ18O and δ2H 258 

would be expected. Estimated recharge temperatures based on equations by 259 

Dansgaard45 are slightly warmer at the sites below the disposal facility (mean = 8.1°C) 260 

than those for the remaining sites (mean = 7.4 °C), and their compositions cover the 261 

range of local surface waters (data from 46) suggesting a relatively shallow recharge 262 

source for the waters from Sites 3 and 7, such as coal mine adits or CBM water, 263 

although no local δ18O and δ2H data are available for either.  264 

 Characterization of Stream Sediments. Sediment samples for total elemental 265 

analysis and extractable iron analyses were only obtained in June 2014. The percent 266 

carbon composition of the samples ranged from less than 1% to 5.4% with less than 1% 267 

of N and S. The C, N, and S contents of the sediments were consistent among sites 268 
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with the exception of elevated C at site 6, which might be due to surface activities on 269 

site. The bulk sediment cation and trace element concentrations were similar between 270 

upstream, background and downstream streambed sediments (Fig. S11 and Table S3), 271 

indicating no measurable impact from the waste disposal facility. Total Ca and Na 272 

concentrations observed were much lower (< 2.5 mg/g; Table S3) than that observed in 273 

sediments impacted by oil and gas wastewaters (0.015-25 mg/g Ca and 0.01-48 mg/g 274 

Na; 43).  275 

 Mercury and uranium concentrations (Table S4) in sediment samples were within 276 

the range of values estimated for average upper crustal rocks 47 and showed no overall 277 

differences between downstream, impacted and background sites (Table S4 and Fig. 278 

5). In contrast, the 226Ra concentration at Site 6 was elevated well above background 279 

(228Ra concentrations were below detection in all samples). In contrast to all other sites, 280 

238U/226Ra in sediments at Site 6 were not in secular equilibrium (Table S4) indicating an 281 

external source of 226Ra to the sediments. Elevated 226Ra activity, a product of 238U 282 

decay, is characteristic of produced water from the U-rich Marcellus Shale (e.g., 12), and 283 

elevated Ra concentrations were observed near a Marcellus Shale wastewater 284 

treatment facility discharge site40 and in areas where conventional oil and gas 285 

wastewaters were used for road deicing.43 The excess 226Ra detected in sediments at 286 

Site 6 is consistent with the Sr isotope data that suggests a small contribution of 287 

Marcellus Shale produced water in water samples from the same location.  The 226Ra at 288 

Sites 3 and 7 appears to be in secular equilibrium with 238U and suggests negligible 289 

input of external 226Ra at these sites.  This is consistent with input from coalbed 290 

methane produced waters, as they generally contain very little radium (<20 pCi/L).48 291 
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 Total iron concentrations were higher at Site 3 (Fig. S11), but iron extractions 292 

showed that biogenic Fe(II) and bioavailable Fe(III) were elevated at Sites 7 and 3 293 

(Table S4). Sites 7 and 3 had similar extractable Fe(III) concentrations, in agreement 294 

with the field observations of red-orange iron oxides rich sediments. However, Site 7 295 

duplicate field samples were highly variable visually (color, texture) and this is reflected 296 

in the variability seen in iron values between samples. One of the Site 7 samples was 297 

highly reduced, as shown by high Fe(II) contents (1340 µmol/g sediment; Table S4) and 298 

low % of Fe(III) and corresponded to a dark gray-black color of the sediments. The 299 

elevated iron contents at the site are likely associated with small-scale heterogeneities 300 

and potentially past coal mining in the area,20, 21 but wastewater contamination may 301 

drive the distribution between biogenic Fe(II) and bioavailable Fe(III). 302 

 Microbiology. Analysis of Illumina sequence reads of the 16S rRNA gene v4 303 

region revealed striking differences in microbial community structure in the streambed 304 

sediments upstream and downstream of the disposal facility (Fig. 6, Table S8). The 305 

alpha diversity was observed to be much lower at Site 7 (Inverse Simpson Index of 306 

377), adjacent to the former impoundments, than either downstream at Site 3 (Inverse 307 

Simpson Index of 1063) or upstream at Sites 4 and 6 (Inverse Simpson’s Indices of 689 308 

and 787, respectively). A heatmap was constructed to visualize differences in the 309 

structure of the microbial community using bacterial orders of greater than 1% 310 

abundance combined with cluster analysis (Fig. 6). Notably, anaerobic orders including 311 

the Desulfuromonadales, Anaerolineales, and Syntrophobacterales were found at 312 

greater abundance at Sites 7 and 3, suggesting anaerobic conditions in the shallow 313 

streambed.49-51 In addition, Clostridiales were observed in greater abundance at Sites 7 314 
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and 3, a finding similar to that in other UOG wastewater influenced systems.6, 52 In 315 

contrast, the predominantly aerobic Rhizobiales,53 Myxococcales,53 and 316 

Sphingobacteriales54 were found in greater abundance at Sites 4 and 6.  317 

 Canonical correspondence analysis55 and the ENVFIT function in the R vegan56 318 

package were utilized to relate differences in microbial community structure to the 319 

measured geochemical parameters of the stream water (Fig. S12). The community at 320 

Site 7 separates from Site 4 along axes 1 and 2, while the community at Site 3 321 

separates from Site 4 along axes 1 and 3. In this analysis, the elevated dissolved metal 322 

concentrations observed at Sites 7 and 3 vary along axes 1 and 2, suggesting a 323 

relationship between the elevated metals found at these sites and the shifts in microbial 324 

community composition. Eigenvectors and loadings for Figure S12 are presented in 325 

Table S9. 326 

Reactions that control element stability/fate and transport. TCO2 (total 327 

dissolved carbon dioxide) concentrations and PCO2 (partial pressure of carbon dioxide) 328 

values were calculated from the solution compositions (Table S7). PCO2 values at all 329 

sites ranged from 1.8% to 5.7%, substantially higher the atmospheric value of 0.04%, 330 

indicating the impact of respiration on the stream water chemistry. Calcite, rhodocrosite 331 

(MnCO3,s), and siderite (FeCO3,s) were undersaturated but approached saturation with 332 

respect to rhodocrosite at Sites 5 and 6 and siderite at Sites 5 and 7. Saturation with 333 

respect to barite (BaSO4,s), which can control both Ba2+ and Ra2+ concentrations and 334 

act as a reservoir for these elements in sediments,57 was examined using the stream-335 

water chemistry. Barite was undersaturated or slightly supersaturated at all sites, 336 

including the background sites (Table S7). Maximum saturation indices were observed 337 
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at Site 7 in September 2014 (0.7) and Site 3 in June 2014 (0.2-0.5).  Barite precipitation 338 

at these low degrees of saturation is unlikely given the inhibition by humic and fulvic 339 

acids, principal constituents of NVDOC, at NVDOC concentrations observed during this 340 

study (Table S2).58 Thus, Sr2+, Ba2+, Ra2+ and other metal ions elevated owing to UOG 341 

wastewater impacts are likely present as sorbed species in the sediments rather than 342 

incorporated into minerals and, as such, could be mobilized upon changing chemical 343 

conditions. 344 

Implications. Multiple lines of evidence demonstrate that activities at the 345 

disposal facility are impacting the stream that runs through the area, as shown by 346 

changes in the inorganic chemistry and microbiology at the downstream sites. In 347 

addition, collaborative papers examining the organic chemistry and endocrine disrupting 348 

activity 59 in the same samples, provide additional lines of evidence demonstrating that 349 

activities at the disposal facility are impacting the nearby ecosystem. Many of the 350 

inorganic constituents known to be associated with UOG wastewaters and Appalachian 351 

Basin brines, e.g., Cl-, Ca2+, Na+, Sr2+, and Ba2+,5, 6, 10, 22-26, 29, 30 were elevated in stream 352 

water samples downstream of the disposal facility, indicating that the impacts were 353 

associated with UOG wastewater inputs. Indeed, Site 7 waters had Cl- and Br- 354 

concentrations consistent with the influence of wastewater brines from conventional and 355 

unconventional resources, with concentrations consistent with coal bed methane,25 356 

Marcellus Shale produced waters,9, 30 and produced waters from Appalachian Basin 357 

conventional oil and gas wells.23, 30 However, the contribution of wastewaters to the 358 

stream chemistry is small, but still detectable, with less than 0.001 part brine to 0.999 359 

parts freshwater needed to account for the observed stream Br- and Cl- contents.  360 
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 Inorganic components of brine can immediately impact water quality, and can 361 

potentially alter ecosystem functions by impacting biogeochemical nutrient cycling. For 362 

example, increases in salinity due to deicing of roads are associated with disruptions in 363 

nitrogen cycling, likely due to alterations of microbial communities.60, 61 The alterations 364 

in sediment microbial communities at the downstream sites could impact nutrient cycling 365 

in the stream, highlighting the importance of understanding the link between microbial 366 

community structure and function in environments impacted by UOG wastewater 367 

releases. Increasing hardness and metal concentrations in ecosystems impacted by 368 

road salt were also shown to have toxic effects on aquatic organisms and terrestrial 369 

plants.38, 62, 63 At Wolf Creek, organisms may be similarly impacted; similar components 370 

are elevated in stream waters due to disposal activities and wastewater inputs.  371 

 Our findings show that the disposal facility is impacting the stream but we are 372 

unable to identify a point source of contaminants to the stream. Disposal facilities offer 373 

multiple potential sources, including leaking wastewaters from storage ponds and tanks, 374 

as well as from fuel and motor oil from vehicles making frequent deliveries (e.g., 375 

wastewater transport). Contaminants from impoundment ponds or spills can reach 376 

streams by overland flow or through groundwater discharge that leach into the 377 

subsurface through failed or incomplete liners. In addition, background concentrations in 378 

streams may be elevated owing to previous land use, such as coal mining, which 379 

highlights the necessity of identifying and sampling an appropriate background site 380 

(e.g., upstream). Further investigations of potential contaminants, endocrine disruption 381 

activity of stream waters, as well as studies of aquatic organisms, and comparisons with 382 
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impacts from other anthropogenic inputs are warranted to determine potential 383 

environmental health impacts of UOG wastewater disposal practices. 384 

 385 

Acknowledgments 386 

This project was supported by the USGS Toxic Substances Hydrology Program, USGS 387 

Hydrologic Research and Development Program, and USGS Energy Resources 388 

Program. Appreciation is extended to Jeanne B. Jaeschke of the USGS for her 389 

assistance with fieldwork and laboratory analysis of water chemistry. The authors would 390 

also like to thank Kalla Fleger for field assistance, Chris Fuller for uranium and radium 391 

determinations, Greg Noe and Jaimie Gillespie for sediment elemental analysis, and 392 

Michelle Hladik for analysis of disinfection byproducts. We would like to thank Charles 393 

A. Cravotta III for helpful discussions. In addition, we would like to thank the site owner 394 

for facilitating research through site access to the US Geological Survey. 395 

 396 

Any use of trade, product, or firm names is for descriptive purposes only and does not 397 

imply endorsement by the U.S. Government. The authors declare no competing 398 

financial interest. 399 

 400 

Supporting Information.  401 

Detailed descriptions of site sampling, quality assurance/quality control (QA/QC) 402 

procedures and analytical methods; supporting references; Tables S1-S9 and Figures 403 

S10-S12. 404 

 405 

Page 18 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

References 406 

 407 

1. Arthur, J. D.; Langhus, B.; Alleman, D., Modern shale gas development in the 408 

United States: A primer. US Department of Energy, Office of Fossil Energy: 2009. 409 

2. Annual Energy Outlook, U.S. Energy Information Administration, Washington, 410 

D.C., http://www.eia.gov/forecasts/aeo 2013. 411 

3. Soeder, D. J.; Kappel, W. M., Water resources and natural gas production from 412 

the Marcellus Shale. US Geological Survey, Fact Sheet 2009, 3032–3032. 413 

4. Paugh, L.; Gaudlip, A. W.; Hayes, T. D. In Marcellus Shale water management 414 

challenges in Pennsylvania, SPE Shale Gas Production Conference 119898-MS, 2008. 415 

5. Rowan, E. L.; Engle, M. A.; Kraemer, T. F.; Schroeder, K. T.; Hammack, R. W.; 416 

Doughten, M., Geochemical and isotopic evolution of water produced from Middle 417 

Devonian Marcellus Shale gas wells, Appalachian Basin, Pennsylvania. AAPG Bulletin 418 

2015, 99 (2), 181–206. 419 

6. Akob, D. M.; Cozzarelli, I. M.; Dunlap, D. S.; Rowan, E. L.; Lorah, M. M., Organic 420 

and inorganic composition and microbiology of produced waters from Pennsylvania 421 

shale gas wells. Appl. Geochem. 2015, 60 (0), 116–125. 422 

7. Engle, M. A.; Cozzarelli, I. M.; Smith, B. D., USGS investigations of water 423 

produced during hydrocarbon reservoir development. US Geological Survey, Fact Sheet 424 

2014, 2014-3104, 1-4. 425 

8. Barbot, E.; Vidic, N. S.; Gregory, K. B.; Vidic, R. D., Spatial and temporal 426 

correlation of water quality parameters of produced waters from Devonian-Age shale 427 

following hydraulic fracturing. Environ. Sci. Technol. 2013, 47 (6), 2562-2569. 428 

Page 19 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

9. Hayes, T. Sampling and analysis of water streams associated with the 429 

development of Marcellus Shale gas; Final Report by Gas Technology Institute, Des 430 

Plaines, IL, for the Marcellus Shale Coalition, 2009; pp 1-44. 431 

10. Haluszczak, L. O.; Rose, A. W.; Kump, L. R., Geochemical evaluation of 432 

flowback brine from Marcellus gas wells in Pennsylvania, USA. Appl. Geochem. 2013, 433 

28, 55-61. 434 

11. Orem, W.; Tatu, C.; Varonka, M.; Lerch, H.; Bates, A.; Engle, M.; Crosby, L.; 435 

McIntosh, J., Organic substances in produced and formation water from unconventional 436 

natural gas extraction in coal and shale. Int. J. Coal Geol. 2014, 126, 20-31. 437 

12. Rowan, E. L.; Engle, M. A.; Kirby, C. S.; Kraemer, T. F., Radium content of oil- 438 

and gas-field produced waters in the Northern Appalachian Basin (USA): summary and 439 

discussion of data. US Geological Survey, Scientific Investigations Report 2011, 2011-440 

5135, 1-31. 441 

13. Lutz, B. D.; Lewis, A. N.; Doyle, M. W., Generation, transport, and disposal of 442 

wastewater associated with Marcellus Shale gas development. Water Resour. Res. 443 

2013, 49 (2), 647-656. 444 

14. Kappel, W. M.; Williams, J. H.; Szabo, Z., Water resources and shale gas/oil 445 

production in the Appalachian Basin—Critical issues and evolving developments. U.S. 446 

Geological Survey, Open-File Report 2013, 2013–1137, 1-12. 447 

15. Maloney, K. O.; Yoxtheimer, D. A., Production and disposal of waste materials 448 

from gas and oil extraction from the Marcellus Shale play in Pennsylvania. Environ. 449 

Pract. 2012, 14 (04), 278-287. 450 

Page 20 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

16. United States Environmental Protection Agency (US EPA) Underground Injection 451 

Control (UIC): Class II Oil and Gas Related Injection Wells. 452 

https://www.epa.gov/uic/class-ii-oil-and-gas-related-injection-wells (accessed 08 April 453 

2016). 454 

17. Adams, M. B., Land application of hydrofracturing fluids damages a deciduous 455 

forest stand in West Virginia. J. Environ. Qual. 2011, 40 (4), 1340-1344. 456 

18. US Geological Survey Fate and effects of wastes from unconventional oil and 457 

gas development. http://toxics.usgs.gov/investigations/uog/index.html (accessed 458 

December 28, 2015). 459 

19. Parsons Brinckerhoff Wolf Creek watershed: stormwater management & flood 460 

hazard mitigation plan; Plateau Action Network: Fayette County, West Virginia, 2004. 461 

20. Hansen, E.; Hereford, A.; Boettner, F.; Christ, M.; Warren, M. Watershed-based 462 

plan for the Wolf Creek watershed of the New River: from the headwaters to the mouth, 463 

Fayette County, West Virginia; Downstream Strategies and Plateau Action Network. 464 

Submitted to: West Virginia Department of Environmental Protection, Division of Water 465 

and Waste Management.: 2009. 466 

21. Pavlick, M., Hansen, E. and Christ, M. Watershed assessment and draft plan for 467 

the Wolf Creek watershed of the New River from the headwaters to the mouth, Fayette 468 

County, West Virginia; Downstream Strategies: Morgantown, WV, 2006. 469 

22. Hayes, T.; Severin, B. F. Barnett and Appalachian Shale water management and 470 

reuse technologies; 2012. 471 

Page 21 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

23. Dresel, P. E.; Rose, A. W., Chemistry and origin of oil and gas well brines in 472 

western Pennsylvania. Pennsylvania Geological Survey, Open-File Oil and Gas Report 473 

2010, Open-File Report OFOG 10–01.0, 1-48. 474 

24. Shih, J.-S.; Saiers, J. E.; Anisfeld, S. C.; Chu, Z.; Muehlenbachs, L. A.; 475 

Olmstead, S. M., Characterization and analysis of liquid waste from Marcellus Shale 476 

gas development. Environ. Sci. Technol. 2015, 49 (16), 9557-9565. 477 

25. Ziemkiewicz, P., Chloride and bromide in waters associated with production of 478 

shale gas, coal bed methane, and coal in the northern Appalachian Basin. In 2015 479 

International Pittsburgh Coal Conference, Pittsburgh, PA, USA, 2015. 480 

26. Ziemkiewicz, P. F.; Thomas He, Y., Evolution of water chemistry during 481 

Marcellus Shale gas development: A case study in West Virginia. Chemosphere 2015, 482 

134, 224-231. 483 

27. National Oceanic and Atmospheric Administration Daily summaries station 484 

details: Beckley VA Hospital, West Virginia USA (GHCND:USC00460580). 485 

http://www.ncdc.noaa.gov/cdo-486 

web/datasets/GHCND/stations/GHCND:USC00460580/detail (accessed November 30, 487 

2015). 488 

28. Engle, M. A.; Rowan, E. L., Interpretation of Na–Cl–Br systematics in 489 

sedimentary basin brines: comparison of concentration, element ratio, and isometric 490 

log-ratio approaches. Math. Geosci. 2013, 45 (1), 87-101. 491 

29. Brantley, S. L.; Yoxtheimer, D.; Arjmand, S.; Grieve, P.; Vidic, R.; Pollak, J.; 492 

Llewellyn, G. T.; Abad, J.; Simon, C., Water resource impacts during unconventional 493 

Page 22 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

shale gas development: The Pennsylvania experience. Int. J. Coal Geol. 2014, 126, 494 

140-156. 495 

30. Harkness, J. S.; Dwyer, G. S.; Warner, N. R.; Parker, K. M.; Mitch, W. A.; 496 

Vengosh, A., Iodide, bromide, and ammonium in hydraulic fracturing and oil and gas 497 

wastewaters: environmental implications. Environ. Sci. Technol. 2015, 49 (3), 1955-498 

1963. 499 

31. Bäckström, M.; Karlsson, S.; Bäckman, L.; Folkeson, L.; Lind, B., Mobilisation of 500 

heavy metals by deicing salts in a roadside environment. Water Res. 2004, 38 (3), 720-501 

732. 502 

32. Bauske, B.; Goetz, D., Effects of deicing-salts on heavy metal mobility Zum 503 

Einfluß von Streusalzen auf die Beweglichkeit von Schwermetallen. Acta Hydrochim. 504 

Hydrobiol. 1993, 21 (1), 38-42. 505 

33. Amrhein, C.; Mosher, P. A.; Strong, J. E., Colloid-assisted transport of trace 506 

metals in roadside soils receiving deicing salts. Soil Sci. Soc. Am. J. 1993, 57 (5), 1212-507 

1217. 508 

34. Amrhein, C.; Strong, J. E., The effect of deicing salts on trace metal mobility in 509 

roadside soils. J. Environ. Qual. 1990, 19 (4), 765-772. 510 

35. Amrhein, C.; Strong, J. E.; Mosher, P. A., Effect of deicing salts on metal and 511 

organic matter mobilization in roadside soils. Environ. Sci. Technol. 1992, 26 (4), 703-512 

709. 513 

36. Warren, L. A.; Zimmerman, A. P., The influence of temperature and NaCl on 514 

cadmium, copper and zinc partitioning among suspended particulate and dissolved 515 

phases in an urban river. Water Res. 1994, 28 (9), 1921-1931. 516 

Page 23 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

37. Bäckström, M.; Nilsson, U.; Håkansson, K.; Allard, B.; Karlsson, S., Speciation of 517 

heavy metals in road runoff and roadside total deposition. Water, Air, Soil Pollut. 2003, 518 

147 (1-4), 343-366. 519 

38. Novotny, V.; Muehring, D.; Zitomer, D. H.; Smith, D. W.; Facey, R., Cyanide and 520 

metal pollution by urban snowmelt: Impact of deicing compounds. Water Science and 521 

Technology 1998, 38 (10), 223-230. 522 

39. Legret, M.; Pagotto, C., Evaluation of pollutant loadings in the runoff waters from 523 

a major rural highway. Sci. Total Environ. 1999, 235 (1–3), 143-150. 524 

40. Warner, N. R.; Christie, C. A.; Jackson, R. B.; Vengosh, A., Impacts of shale gas 525 

wastewater disposal on water quality in Western Pennsylvania. Environ. Sci. Technol. 526 

2013, 47 (20), 11849-11857. 527 

41. Hladik, M. L.; Focazio, M.; Engle, M., Discharges of produced waters from oil and 528 

gas extraction via wastewater treatment plants are sources of disinfection by-products 529 

to receiving streams. Sci. Total Environ. 2014, 466-467 (1085-1093). 530 

42. Orem, W.; Akob, D. M.; Varonka, M.; Crosby, L.; Haase, K.; Loftin, K.; Hladik, M.; 531 

Tatu, C.; Mumford, A.; Jaeschke, J.; Bates, A.; Schell, T.; Cozzarelli, I., Organic 532 

geochemistry and toxicology of a stream impacted by disposal of unconventional oil and 533 

gas wastewaters. 2016, in prep. 534 

43. Skalak, K. J.; Engle, M. A.; Rowan, E. L.; Jolly, G. D.; Conko, K. M.; Benthem, A. 535 

J.; Kraemer, T. F., Surface disposal of produced waters in western and southwestern 536 

Pennsylvania: Potential for accumulation of alkali-earth elements in sediments. Int. J. 537 

Coal Geol. 2014, 126, 162-170. 538 

Page 24 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

44. Chapman, E. C.; Capo, R. C.; Stewart, B. W.; Kirby, C. S.; Hammack, R. W.; 539 

Schroeder, K. T.; Edenborn, H. M., Geochemical and strontium isotope characterization 540 

of produced waters from Marcellus Shale natural gas extraction. Environ. Sci. Technol. 541 

2012, 46 (6), 3545-3553. 542 

45. Dansgaard, W., Stable isotopes in precipitation. Tellus 1964, 16 (4), 436-468. 543 

46. Coplen, T. B.; Kendall, C., Stable hydrogen and oxygen isotope ratios for 544 

selected sites of the US Geological Survey's NASQAN and benchmark surface-water 545 

networks. U. S. Geological Survey Open-File Report 2000, 00-160, 1-409. 546 

47. Rudnick, R. L.; Gao, S., Chapter 3.01 - Composition of the Continental Crust. In 547 

Treatise on Geochemistry, Holland, H. D.; Turekian, K. K., Eds. Pergamon: Oxford, 548 

2003; pp 1-64. 549 

48. Dahm, K. G.; Guerra, K. L.; Xu, P.; Drewes, J. E., Composite geochemical 550 

database for coalbed methane produced water quality in the Rocky Mountain Region. 551 

Environ. Sci. Technol. 2011, 45 (18), 7655-7663. 552 

49. Kuever, J., The Family Syntrophaceae. In The Prokaryotes, Rosenberg, E.; 553 

DeLong, E. F.; Lory, S.; Stackebrandt, E.; Thompson, F., Eds. Springer Berlin 554 

Heidelberg: 2014; pp 281-288. 555 

50. Greene, A. C., The Family Desulfuromonadaceae. In The Prokaryotes, 556 

Rosenberg, E.; DeLong, E. F.; Lory, S.; Stackebrandt, E.; Thompson, F., Eds. Springer 557 

Berlin Heidelberg: 2014; pp 143-155. 558 

51. Yamada, T., Anaerolinea thermolimosa sp. nov., Levilinea saccharolytica gen. 559 

nov., sp. nov. and Leptolinea tardivitalis gen. nov., sp. nov., novel filamentous 560 

anaerobes, and description of the new classes Anaerolineae classis nov. and 561 

Page 25 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

Caldilineae classis nov. in the bacterial phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 562 

2006, 56 (6), 1331-1340. 563 

52. Murali Mohan, A.; Hartsock, A.; Hammack, R. W.; Vidic, R. D.; Gregory, K. B., 564 

Microbial communities in flowback water impoundments from hydraulic fracturing for 565 

recovery of shale gas. FEMS Microbiol. Ecol. 2013, 86 (3), 567–580. 566 

53. Kersters, K.; De Vos, P.; Gillis, M.; Swings, J.; Vandamme, P.; Stackebrandt, E., 567 

Introduction to the Proteobacteria. In The Prokaryotes, Dworkin, M.; Falkow, S.; 568 

Rosenberg, E.; Schleifer, K.-H.; Stackebrandt, E., Eds. Springer New York: 2006; pp 3-569 

37. 570 

54. Kämpfer, P., Order I. Sphingobacteriales ord. nov. In Bergey's Manual of 571 

Systematic Bacteriology: Volume 4: The Bacteroidetes, Spirochaetes, Tenericutes 572 

(Mollicutes), Acidobacteria, Fibrobacteres, Fusobacteria, Dictyoglomi, 573 

Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae, and 574 

Planctomycetes, Krieg, N. R.; Ludwig, W.; Whitman, W. B.; Hedlund, B. P.; Paster, B. 575 

J.; Staley, J. T.; Ward, N.; Brown, D., Eds. Springer: New York, NY, 2011; Vol. 4, p 330. 576 

55. Ter Braak, C. J., Canonical correspondence analysis: a new eigenvector 577 

technique for multivariate direct gradient analysis. Ecology 1986, 67 (5), 1167-1179. 578 

56. Oksanen, J.; Blanchet, F. G.; Kindt, R.; Legendre, P.; Minchin, P. R.; O'Hara, R. 579 

B.; Simpson, G. L.; Solymos, P.; Stevens, M. H. H.; Wagner, H. vegan: Community 580 

Ecology Package, R package version 2.3-1; 2015. 581 

57. Brandt, F.; Curti, E.; Klinkenberg, M.; Rozov, K.; Bosbach, D., Replacement of 582 

barite by a (Ba,Ra)SO4 solid solution at close-to-equilibrium conditions: A combined 583 

experimental and theoretical study. Geochim. Cosmochim. Acta 2015, 155, 1-15. 584 

Page 26 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

58. Smith, E.; Hamilton-Taylor, J.; Davison, W.; Fullwood, N. J.; McGrath, M., The 585 

effect of humic substances on barite precipitation–dissolution behaviour in natural and 586 

synthetic lake waters. Chem. Geol. 2004, 207 (1–2), 81-89. 587 

59. Kassotis, C. D.; Iwanowicz, L. R.; Akob, D. M.; Cozzarelli, I. M.; Mumford, A. C.; 588 

Orem, W. H.; Nagel, S. C., Endocrine disrupting activities of surface water associated 589 

with a West Virginia oil and gas industry wastewater disposal site. Sci. Total Environ. 590 

2016, in press, available online ahead of print 10 April 2016, 591 

doi:10.1016/j.scitotenv.2016.03.113. 592 

60. Green, S. M.; Machin, R.; Cresser, M. S., Effect of long-term changes in soil 593 

chemistry induced by road salt applications on N-transformations in roadside soils. 594 

Environ. Pollut. 2008, 152 (1), 20-31. 595 

61. Green, S. M.; Cresser, M. S., Nitrogen cycle disruption through the application of 596 

de-icing salts on upland highways. Water, Air, Soil Pollut. 2008, 188 (1-4), 139-153. 597 

62. Fay, L.; Shi, X., Environmental impacts of chemicals for snow and ice control: 598 

state of the knowledge. Water, Air, Soil Pollut. 2012, 223 (5), 2751-2770. 599 

63. Ramakrishna, D.; Viraraghavan, T., Environmental impact of chemical deicers – 600 

a review. Water, Air, Soil Pollut. 2005, 166 (1-4), 49-63. 601 

 602 

  603 

Page 27 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 

Figure Legends 604 

 605 

Figure 1: Map of sampling locations near Fayetteville, WV within the Wolf Creek 606 

watershed (A) and specific sites (B) in a stream running adjacent to a class II disposal 607 

facility. Panel A shows that Site 2 was located in a separate drainage from the disposal 608 

facility sites (outlined in black box), which are shown in panel B (Sites 4, 5, 6, 7 and 3). 609 

In panel B, the blue line highlights the stream and the yellow outline is the location of 610 

the former impoundment ponds. Source: Esri. DigitalGlobe, GeoEy, i-cubed, Earthstar 611 

Geographies, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 612 

swisstopo, and the GIS User Community. 613 

 614 

Figure 2: Major anion and cation concentrations over time at Sites 2 (A), 4 (B), 7 (C) 615 

and 3 (D). Samples were collected in September 2013, June 2014 and September 2014 616 

at all sites with the exception of Sites 2 and 4, which were only sampled in Sept. 2013 617 

and June 2014 and June and September 2014, respectively (ND= not determined). 618 

Note the different scales in panels A and B.  619 

 620 

Figure 3: Chemistry in waters collected in June 2014 from a stream adjacent to the 621 

disposal facility. (A) Concentrations of non-volatile dissolved organic carbon (NVDOC), 622 

sulfate, and nitrate; (B) chloride, calcium, and sodium concentrations; C: strontium, 623 

barium, and bromide concentrations; D: concentrations of dissolved Mn and Fe; and E: 624 

trace element concentrations. Site locations are indicated in Figure 1 and Sites 2 and 4 625 

are background (Bck) sampling locations. Site 2 is located in a separate drainage, 626 
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whereas Site 4 is upstream of the disposal facility. Sites 7 and 3 were sampled in 627 

duplicate and averages (Avg) of individual measurements are presented. The blank is 628 

the field equipment blank.  629 

 630 

Figure 4: Two-component mixing plots of 87Sr/86Sr against 1/Sr concentration for Wolf 631 

Creek tributary water samples (green/white squares). Values for Pennsylvania coal 632 

beds (circles), Venango Group brines (blue squares), and Marcellus Shale produced 633 

waters (crosses) are provided for reference. Redline in panel A shows mixing pathway 634 

between MC produced water and Site 4.  Percentages along the pathway indicate 635 

relative contribution of MC produced water in the mixture. Red line in panel B is the 636 

local meteoric water line (LMWL).  637 

 638 

Figure 5: Ratios of total U and Ra in sediments collected from 5 sites along a stream 639 

adjacent to the disposal facility. Site locations are shown in Fig. 1. Concentrations of 640 

total U and Ra are available in SI Table S4.  641 

 642 

Figure 6: Heatmap and dendrogram of microbial orders comprising >1% of microbial 643 

communities in sediments collected from 5 sites along a stream adjacent to the disposal 644 

facility in June 2014. Site locations are indicated in Figure 1 and sediments were 645 

collected from the upper 5 cm of the streambed. Dendrogram represents relatedness of 646 

communities between sites. 647 
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Table 1: Site descriptions, field parameters and NVDOC of water samples collected in September 2013, June 2014, and 

September 2014 in tributaries of Wolf Creek. Site locations are indicated in Figure 1. All field parameter values are the 

median of three individual measurements. Sites 7 and 3 were sampled in duplicate in June 2014 and values presented 

are averages.  

 

Sample 

 pH Conductivity (µS/cm) Temp. (°C) NVDOC1 (mg/L) 

Type, location 
Sept. 
2013 

June 
2014 

Sept. 
2014 

Sept. 
2013 

June 
2014 

Sept. 
2014 

Sept. 
2013 

June 
2014 

Sept. 
2014 

Sept. 
2013 

June 
2014 

Sept. 
2014 

Site 2 
Background, separate 
drainage 

7.8 6.5 ND2 216 109 ND 14.1 16.0 ND 2.65 1.42 ND 

Site 4 
Background, upstream of 
disposal facility 

ND 6.5 6.7 ND 74.0 125 ND 18.2 16.0 ND 1.13 1.60 

Site 5 
Adjacent to the disposal 
facility 

ND 6.2 ND ND 90.0 ND ND 20.3 ND ND 3.31 ND 

Site 6 
Adjacent to the injection 
well shed 

ND 6.9 ND ND 82.0 ND ND 20.1 ND ND 2.20 ND 

Site 7 
Adjacent to the former 
impoundment ponds 

5.8 6.4 6.5 1750 416 1040 21.0 24.1 17.4 7.35 2.49 3.10 

Site 3 
Downstream of the 
disposal facility 

6.4 6.1 6.5 1210 379 1110 25.0 22.9 17.7 3.85 3.24 3.40 

Field 
equipment 
blank 

Blank ND ND ND ND ND ND ND ND ND 0.86 0.50 0.70 

 

1NVDOC = non volatile dissolved organic carbon 

2ND = not determined  
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Figure 1: Map of sampling locations near Fayetteville, WV within the Wolf Creek watershed (A) and specific 
sites (B) in a stream running adjacent to a class II disposal facility. Panel A shows that Site 2 was located in 
a separate drainage from the disposal facility sites (outlined in black box), which are shown in panel B (Sites 

4, 5, 6, 7 and 3). In panel B, the blue line highlights the stream and the yellow outline is the location of the 
former impoundment ponds. Source: Esri. DigitalGlobe, GeoEy, i-cubed, Earthstar Geographies, 

CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User 
Community.  
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Figure 2: Major anion and cation concentrations over time at Sites 2 (A), 4 (B), 7 (C) and 3 (D). Samples 
were collected in September 2013, June 2014 and September 2014 at all sites with the exception of Sites 2 
and 4, which were only sampled in Sept. 2013 and June 2014 and June and September 2014, respectively 

(ND= not determined). Note the different scales in panels A and B.  
108x250mm (300 x 300 DPI)  
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Figure 3: Chemistry in waters collected in June 2014 from a stream adjacent to the disposal facility. (A) 
Concentrations of non-volatile dissolved organic carbon (NVDOC), sulfate, and nitrate; (B) chloride, calcium, 

and sodium concentrations; C: strontium, barium, and bromide concentrations; D: concentrations of 

dissolved Mn and Fe; and E: trace element concentrations. Site locations are indicated in Figure 1 and Sites 
2 and 4 are background (Bck) sampling locations. Site 2 is located in a separate drainage, whereas Site 4 is 
upstream of the disposal facility. Sites 7 and 3 were sampled in duplicate and averages (Avg) of individual 

measurements are presented. The blank is the field equipment blank.  
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Figure 4: Two-component mixing plots of 87Sr/86Sr against 1/Sr concentration for Wolf Creek tributary water 
samples (green/white squares). Values for Pennsylvania coal beds (circles), Venango Group brines (blue 
squares), and Marcellus Shale produced waters (crosses) are provided for reference. Redline in panel A 

shows mixing pathway between MC produced water and Site 4.  Percentages along the pathway indicate 
relative contribution of MC produced water in the mixture. Red line in panel B is the local meteoric water line 

(LMWL).  
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Figure 5: Ratios of total U and Ra in sediments collected from 5 sites along a stream adjacent to the disposal 
facility. Site locations are shown in Fig. 1. Concentrations of total U and Ra are available in SI Table S4.  
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Figure 6: Heatmap and dendrogram of microbial orders comprising >1% of microbial communities in 
sediments collected from 5 sites along a stream adjacent to the disposal facility in June 2014. Site locations 
are indicated in Figure 1 and sediments were collected from the upper 5 cm of the streambed. Dendrogram 

represents relatedness of communities between sites.  
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