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• Horizontal drilling and hydraulic frac-
turing generate flowback and produced
water (FPW).

• FPW toxicity and microbiota were char-
acterized for 220 days in the Denver–
Julesburg Basin.

• Temporal trends were similar between
FPW toxicity and microbial communi-
ties.

• Fracking conditions are toxic and selec-
tive with long term ecological & indus-
trial impacts.
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Hydraulic fracturing flowback and produced water (FPW) samples were analyzed for toxicity and microbiome
characterization over 220 days for a horizontally drilled well in the Denver-Julesberg (DJ) Basin in Colorado. Cy-
totoxicity, mutagenicity, and estrogenicity of FPW were measured via the BioLuminescence Inhibition Assay
(BLIA), Ames II mutagenicity assay (AMES), and Yeast Estrogen Screen (YES). Raw FPW stimulated bacteria in
BLIA, but were cytotoxic to yeast in YES. Filtered FPW stimulated cell growth in both BLIA and YES. Concentrating
25× by solid phase extraction (SPE) revealed significant toxicity throughout well production by BLIA, toxicity
during the first 55 days of flowback by YES, andmutagenicity by AMES. The selective pressures of fracturing con-
ditions (including toxicity) affected bacterial and archaeal communities, which were characterized by 16S rRNA
gene V4V5 region sequencing. Conditions selected for thermophilic, anaerobic, halophilic bacteria and methan-
ogenic archaea from the groundwater used for fracturing fluid, and from the native shale community. Trends
in toxicity echoed the microbial community, which indicated distinct stages of early flowback water, a transition
stage, and produced water. Biota in another sampled DJ Basin horizontal well resembled similarly aged samples
from thiswell. However,microbial signatureswere unique compared to samples fromDJ Basin verticalwells, and
wells from other basins. These data can inform treatability, reuse, and management decisions specific to the DJ
Basin to minimize adverse environmental health and well production outcomes.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Technologies for horizontal drilling and hydraulic fracturing have
enabled access to previously cost-prohibitive shale deposits, leading to
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rapid expansion of the oil and gas industry in the past 20 years (Norris
et al., 2016; Vidic et al., 2013). Fracturing fluids utilize 10 to 15 million
liters of source water (~90%), sand (~9%) and additives (~1% including
surfactants, biocides, friction reducers, gelling agents, etc.) to initiate,
elongate, and prop open shale fissures for the extraction of oil and/or
gas (Stringfellow et al., 2014; Malakoff, 2014; Goodwin et al., 2014;
Lipus et al., 2017; Mohan et al., 2014; Vengosh et al., 2014; Mouser
et al., 2016a). Some of the injected fracturing fluid initially returns to
the surface as flowback, along with shale formation brine containing
oil and gas. Over time, flowback transitions to produced water which
closely resembles formation brine.Wells produce 1.7–14.3million liters
of flowback and producedwater (FPW) over the first 5–10 years, where
the majority originates from the shale formation and half the volume is
produced in the first 6 months (Kondash et al., 2017). These large vol-
umes of FPW are complex and difficult to treat wastewaters, and have
been the focus of many recent characterization and treatability investi-
gations (Stringfellow et al., 2014; Lester et al., 2015; Rosenblum et al.,
2017a; Camarillo et al., 2016; Stringfellow et al., 2017; Sutra et al.,
2017; Rosenblum et al., 2016; He et al., 2017a; Mouser et al., 2016b;
Thurman et al., 2014; Rosenblum et al., 2017b). The potential FPW envi-
ronmental health impacts, including toxicity and impacts on microbial
ecology, must be understood and mitigated to promote sustainable
management, treatment, and reuse.

The potential routes of exposure and impacts of hydraulic fracturing
on human health and the environment have recently been reviewed
(Shrestha et al., 2017; Mayer, 2016; Kassotis et al., 2015; Annevelink
et al., 2016; Torres et al., 2016; Kahrilas et al., 2015; McLaughlin et al.,
2016; Chen, 2016; Chen and Carter, 2017; Konkel, 2016). The greatest
risks have been summarized as those to water quantity, and both
water and air quality (Vengosh et al., 2014; Awal and Fares, 2016).
Many in silico toxicity evaluations conclude that most fracturing fluid
and FPW chemicals lack toxicity data (Stringfellow et al., 2017; Elliott
et al., 2017; Michalski and Ficek, 2016; Gordalla et al., 2013; Webb
et al., 2014), while chemicals that have data are known to cause repro-
ductive, developmental, and chronic oral toxicity (Elliott et al., 2017;
Yost et al., 2016). Epidemiological studies associate proximity to drilling
operations with adverse reproductive and developmental outcomes
(Konkel, 2016; McKenzie et al., 2014). In vitro studies using bacteria,
rat, zebrafish, and human cells have demonstrated stress responses at
sub-toxic doses, cytotoxicity, and endocrinedisruption caused by fractur-
ing fluid chemicals (including biocides and synergistic toxicity of their
mixtures), fracturing fluid, FPW, and surface water collected near an in-
jection well disposal facility (Christen et al., 2017; Ishikawa et al., 2016;
Payne et al., 2015; Chen et al., 2017; Kassotis et al., 2014; Kassotis et al.,
2016a). In vivo studies using fish, crustaceans, and mice have demon-
strated sublethal toxicity, developmental toxicity, reproductive effects,
endocrine disruption, oxidative stress, changes in metabolic activity,
and changes in gill morphology caused by fracturing fluid chemicals (in-
cluding biocides and synergistic toxicity of their mixtures) at concentra-
tions reported in drinking water sources (He et al., 2017a; Christen et al.,
2017; Blewett et al., 2017; Kassotis et al., 2016b; He et al., 2017b).

Several recent studies have used nucleic acid sequencing to study
microbial communities in fracturing fluids, FPW, impoundments, and
in environmentalmatrices impacted by spills or disposal ofwastewaters
in the Marcellus, Antrim, Barnett, and Utica shales (Lipus et al., 2017;
Mohan et al., 2014; Fahrenfeld et al., 2017; Lipus et al., 2016; Wuchter
et al., 2013; Daly et al., 2016; Gaspar et al., 2014; Osborn et al., 2011;
Liang et al., 2016; Mohan et al., 2013a; Mohan et al., 2013b; Cluff
et al., 2014; Struchtemeyer and Elshahed, 2012; Struchtemeyer et al.,
2011). Many of these have been reviewed (Gaspar et al., 2014) and in-
corporated into a meta-analysis of fracturing and the microbiota of the
deep subsurface (Mouser et al., 2016a). Emerging generalities for
other shale plays indicate rapid succession of high-diversity source
water communities into low-diversity, halotolerant, thermotolerant,
anaerobic FPW communities indicated to originate from both shale for-
mation and sourcewaters. These communities can play a role in adverse
microbial outcomes including souring, plugging, and corrosion that can
decreasewell production and profitability. Genera of the Class Clostridia
capable of sulfide production (souring) have been most commonly ob-
served, including Halanerobium and Thermoanaerobacter (Lipus et al.,
2017; Daly et al., 2016; Liang et al., 2016; Mohan et al., 2013a; Mohan
et al., 2013b; Cluff et al., 2014). Shotgun metagenomic analyses of
Halanaerobium spp. fromonewell revealed capabilities such as acid pro-
duction, thiosulfate reduction, and biofilm formation that could contrib-
ute to corrosion and souring (Lipus et al., 2017). Further,Halanaerobium
spp. can degrade guar gum to acetate and sulfide (Liang et al., 2016). In
addition to genes for methanogenesis that could enhance well produc-
tion, stress response genes that could allow organisms to survive and
thrive including those for osmoprotection, dormancy, and sporulation
have also been observed in FPW (Mohan et al., 2014; Fahrenfeld et al.,
2017; Lipus et al., 2016; Daly et al., 2016).

Although these studies and reviews have made significant advance-
ments, no long-term toxicity and sequence-based microbiology study
has been reported for FPW of a hydraulically fractured well of the Nio-
brara formation in the DJ Basin (NE Colorado). Only one short-term
(64 day) microbial characterization has been reported for a well in
this basin (Oetjen et al., 2018). This presents a significant knowledge
gap because FPW geochemistry in the DJ basin is much different than
other shale basins, with lower concentrations of dissolved solids, ions,
and metals but greater concentrations of dissolved organics (Lester
et al., 2015; Osborn et al., 2011; Cluff et al., 2014; Warner et al., 2013).
Our study coupled a long-term (220 day) time series characterization
of bacterial and archaeal communities with in vitro toxicity bioassays
to determine the potential ecological and environmental health impacts
of these DJ Basin FPWs. These data were analyzed in the context of or-
ganic and inorganic characteristics previously described for this well
(Rosenblum et al., 2017a; Rosenblum et al., 2017b), and compared to
microbial communities in single samples collected anonymously from
other wells (both horizontally and vertically drilled) at various stages
of production in the DJ Basin. This information can be used to guide in-
dustrial production, treatment, and reuse practices in the DJ Basin and
others.

2. Methods

2.1. Sample collection and processing

Time-series samples were collected from a single horizontally-
drilled well employing gel-based hydraulic fracturing fluid in the Nio-
brara shale of theWattenberg field inWeld County, CO (DJ Basin). Sam-
ple collection procedures and temporal characterization of organic and
inorganic fractions of these samples have been described previously
(Rosenblum et al., 2017a; Rosenblum et al., 2017b). Samples were col-
lected from the groundwater used to generate fracturing fluid (Day
0) without any chemical additions, and longitudinally (on Days 1, 4, 7,
15, 22, 55, 80, 130, and 220) from the first day flowback began in Janu-
ary 2015 (Day 1) until September 2015 (Day 220). Individual samples
described previously (Rosenblum et al., 2016) were also collected in
the DJ Basin from other well pads at various stages. Samples VF1, VF2,
and VF3 were collected from vertically drilled wells that were ≥2 years
old (VF1, VF2) or refractured N100 days prior to sampling (VF3). Sample
HFwas collected from a horizontally drilledwell approximately 30 days
after flowback began. Samples were collected in burned amber bottles
for toxicity assays or in sterile 1L HDPE bottles (Nalgene) for microbial
community analyses from the on-site separator, except for Day 1
which was collected directly from a flowback tank, and stored at 4 °C
with no headspace until analyses.

2.2. Toxicity assays

Samples and their dilutions were assayed for toxicity as received,
after 0.45 μm filtration (Supor, Acrodisc), and after concentration by
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solid phase extraction (SPE) as described previously (Martijn et al.,
2015). For SPE, 25 mL samples were filtered through a 0.45 μm mixed
cellulose ester membrane (Millipore), pH adjusted to b2 with hydro-
chloric acid, and passed through plastic 500 mg hydrophilic-lipophilic
balanced (HLB) cartridges (Oasis) at 1 mL/min after priming with
5 mL methanol and wetting with three 5 mL DI (de-ionized ultrapure
water) rinses. Cartridges were eluted with 5 mL of 10% v/v methanol
in acetonitrile, evaporated to 100 μL (Zymark Turbovap LV ZW700),
and resuspended in DI water to total 1 mL, achieving a 25× concentra-
tion. DI water was also subjected to SPE, and any resulting toxicity
was subtracted from samples to control for toxicity effects of residual
SPE reagents.

BLIA (BioLuminescence Inhibition Assay)was used as described pre-
viously (Shemer and Linden, 2007) to assess acute cytotoxicity of sam-
ples after 15 min incubation at a 1:1 ratio (sample: cells and media)
with a naturally luminescent marine bacterium, V. fischeri. Cytotoxicity
was calculated using luminescence of samples at 15 min (S15) versus
negative control 1X PBS (C15) by Eq. (1).

BLIAInh ¼ log
C15

S15

� �
ð1Þ

YES (Yeast Estrogen Screen) was used as described previously
(Rosenfeldt et al., 2007; Routledge and Sumpter, 1996; Routledge and
Sumpter, 1997; Mestankova et al., 2016) to assess estrogenic activity
and cytotoxicity of samples after 72 h incubation at a 1:1 ratio (sample:
cells and media) with recombinant S. cerevisiae containing the human
estrogen receptor. Cytotoxicity was determined after incubation by cal-
culating inhibition of cell growth (approximated by turbidity i.e. absor-
bance at 620 nm) between samples (S620) and negative control DIwater
(C620) by Eq. (2).

YESInh ¼ 100%� C620−S620
C620

� �
ð2Þ

After accounting for differences in turbidity between samples and
negative control, red color development (absorbance at 540 nm)was
used to calculate induction of estrogen activity after reporter gene
expression produced an enzyme that interacted with a chromogenic
substrate in the media. The positive control 17β-estradiol was
assayed over 6 orders of magnitude to determine maximum and
minimum estrogenic responses (MaxR and MinR), which were used
to calculate induction of estrogenic activity by samples (SR) by
Eq. (3).

YESEst ¼ 100%� SR− MinR

MaxR− MinR

� �
ð3Þ

AMES (Ames II Mutagenicity Assay) was used as described pre-
viously (Mestankova et al., 2016; Martijn et al., 2016) to quantify
induction of mutagenic activity by reversion of base pair (using
strain TA-98) and/or frameshift (using strain mixture TA-Mix) mu-
tations in S. typhimurium after 90 min incubation at a 1:4 ratio
(cells and media: sample) with raw or filtered samples or a 2:1
ratio (cells and media: sample) with SPE samples (SY). Controls in-
cluded negative control DI water (NY), or positive control mutagens
(PY). Revertant cells whose growth changed media pH and there-
fore microplate well color to yellow were counted after 48 h incu-
bation to calculate induction of mutagenic response as shown in
Eq. (4).

AMES98 or Mix ¼ 100%� SY−NY

PY−NY

� �
ð4Þ
2.3. Sequencing and microbial community analyses

Samples were stored on ice until sterile 0.2 μm polycarbonate filtra-
tion (Millipore) of 150–250 mL, followed by freezing of filters and
retentate within 24 h. DNA was extracted from filters as described pre-
viously (Hull et al., 2017), quantified by qPCR, and prepared for se-
quencing targeting ~375 base pairs of the 16S rRNA gene V4V5 region.
PCR products were normalized by gel densitometry, pooled, gel purified
(Montage kit), and concentrated (ZymoResearch kit). Pooled amplicons
were quantified by Qubit Fluorometer 2.0 (Invitrogen, Carlsbad, CA), di-
luted to 4 nM, and denatured with 0.2 N NaOH at room temperature.
Denatured DNA was diluted to 15 pM, spiked with 10% Illumina PhiX
control DNA, and sequenced by Illumina MiSeq paired-end sequencing
(600 cycle v3 reagent kit). Paired sequence readswere sorted by sample
via barcodes with a python script (Markle et al., 2013). After removing
barcode, linker, and primers, sequences were deposited in the NCBI
Short Read Archive under accession number PRJNA438710. Paired
reads were assembled with phrap (Ewing and Green, 1998; Ewing
et al., 1998) discarding pairs that did not assemble. Assembled se-
quences were trimmed over a moving window of 5 nucleotides (nt)
until average quality met or exceeded 20, discarding sequences with
N1 ambiguity or shorter than 250 nt. Potential chimeras were identified
with Uchime (Edgar et al., 2011) (usearch6.0.203_i86linux32) using the
Schloss Silva reference sequences (Schloss and Westcott, 2011) and
discarded. Resulting sequences were aligned and classified with SINA
(Pruesse et al., 2012) (1.3.0-r23838) using the bacterial and archaeal se-
quences in Silva 115NR99 (Quast et al., 2013) as reference, configured to
yield the Silva taxonomy. Operational taxonomic units (OTUs) were
produced by clustering sequences with identical taxonomic assign-
ments, resulting in 2,525,549 sequences (representing 981 OTUs) of av-
erage length 374 nt in 13 libraries. After removing unclassified, poorly
classified (to domain or phylum level, or Proteobacteria classified only
to the class level), and chloroplast sequences, 970 OTUs remained in
the final OTU table containing 2,473,222 sequences. Minimum, maxi-
mum, and average library size were 86,910; 277,525; and 190,248 se-
quences per sample.

Explicet (Robertson et al., 2013) (v2.10.5, www.explicet.org) was
used for data exploration, manipulation, and calculation of ShannonH
alpha diversity at rarefaction (wheremore OTUs and amore uniform dis-
tribution of OTUs increases H). At the rarefaction point, median Good's
coveragewas N99% for all samples, indicating adequate sequencing cover-
age. The vegan package (Oksanen et al., 2013) (v2.4–5) in R (Rcoreteam,
2014) (v3.4.3) using RStudio (RStudioTeam, 2014) (v1.1.383) was used
to plot an ordination and examine beta diversity (dissimilarity between
samples) and impact of previously published metadata (Rosenblum
et al., 2017a; Rosenblum et al., 2016; Rosenblum et al., 2017b). A Bray-
Curtis distance matrix was calculated using the rarefied (to minimum li-
brary size) and Hellinger-transformed (to normalize variance) OTU
table, and plotted in a 2-dimensional Non-Metric Multidimensional Scal-
ing (NMDS) (Shepard, 1962; Clarke, 1993) ordination,where distance be-
tween samples represents their dissimilarity. NMDS fit was assessed by
stress and Shepard plot (Shepard, 1962). The distancematrix and ordina-
tion datawere also used in calculations of single-linkage hierarchical clus-
tering and relationships with environmental parameters by envfit and
ordisurf.
3. Results

3.1. Temporal toxicity

Raw flowback and produced water (FPW) samples assayed as re-
ceived induced more luminescence than was measurable in BLIA. Raw
sample turbidity and growth of native cells also affected spectrophoto-
metric measurements in YES. Similarly, growth of native cells in raw
samples confounded enumeration of revertant Salmonella in AMES.
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Because of these assay interferences, sampleswere pre-treated by filtra-
tion, or additionally concentrated by SPE.

As shown in Fig. 1a for filtered samples, the groundwater sample
(day 0) did not significantly induce mutagenicity in either AMES test
strain or estrogen activity in YES (response waswithin negative control
variation of±10%), but stimulated cells asmeasured by increased lumi-
nescence in BLIA and increased turbidity in YES (as shown by negative
inhibition responses). Filtered FPW samples also stimulated cells in
BLIA and YES, with maximum stimulation at 4 and 7 days in YES and
at 120 days in BLIA. Dilutions of sample by 10%were required to achieve
the valid assay range of YES cell inhibition for estrogen calculations
(−20% b YesInh b 20%). Results for 10% dilution of samples are also
shown for BLIA to normalize comparisons of cytotoxicity between as-
says. Dose-dependency from assays of 100%, 10%, and 1% sample dilu-
tions of filtered samples are shown in Supplemental Figs. S1-S3.
Biological and technical replication for each assay are described in Sup-
plementary Table S1.

As shown in Fig. 1b for 25× SPE samples, all samples of FPW, but not
groundwater, induced a high degree of cellular inhibition in BLIA. After
an initial spike to 3.8 log Inhibition at day 1, BLIA inhibition stabilized
near themaximum of 4 log fromdays 50–120 before decreasing slightly
at day 220. Inhibition caused by SPE samples in YES was nearly 50% at
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Fig. 1. In vitro bioassay results for groundwater (day 0) and time-series flowback and
produced water from a horizontally drilled and hydraulically fractured well (days
1–220) after (a) 0.45 μm filtration of samples (diluted by 10% for BLIA and YES), or
followed by (b) solid phase extraction using HLB columns to achieve 25× concentration.
AMES 98 or Mix = percent induction of mutagenicity in AMES test strain TA98 or
TAMIX. YES Inh or Est = percent induction of YES cell inhibition or estrogen activity.
BLIA = log Inhibition of BLIA luminescence. Negative cell inhibition in YES indicates cell
growth measured by increased turbidity. Negative luminescence inhibition in BLIA
indicates stimulation of cell respiration. Note the 10-fold difference in scale of the BLIA
axis. See Table S1 for number of independent experiments and technical replicates for
each assay, and see Figs. S1 – S3 for results and error associated with assays of these and
other sample dilutions.
day 1, but decreased to 11% by day 50 and was negative (indicating
cell growth) by day 130, after which samples were no longer assayed.
Similarly, mutagenicity caused by SPE samples in AMES TA98 test strain
reached up to 40% in the first days after flowback commenced, but was
negligible by day 50. No significant estrogen activitywas detected in SPE
samples. Dose-dependency (where applicable) from assays of 25× SPE
and a 10% dilution (resulting in 2.5× SPE) are shown in Supplemental
Figs. S1-S3, and S6.

3.2. Bacterial and archaeal community succession

Themicrobial community in the groundwater used to generate frac-
turing fluid had high ShannonH alpha diversity (H = 4.6), contained
limited DNA (103.2 16S rRNA gene copies/mL), and was comprised
mostly (62%) of Gammaproteobacteria (which were dominated by
Moraxellaceae as shown in Fig. S4) and Actinobacteria (9%), as shown
in Fig. 2. These taxa were nearly absent in all FPW samples. While Day
1 flowback water DNA was quantifiable by qPCR (103.1 copies/mL), in-
hibitors prevented sequencing even after silica-based column (Qiagen)
purification. The earliest sequenced FPW sample collected 4 days after
flowback began had very low alpha diversity (H = 0.3), moderate
DNA concentration (104.5 copies/mL), and was dominated (97%) by
Thermoanaerobacter of Clostridia. Clostridia remained themost abundant
class and represented N50% relative abundance until after day 55 when
Thermovigra of Synergistia increased to maximum relative abundance
(36%) at day 130. Thermotoga of Thermotogae also began to steadily in-
crease starting at day 80, reaching 41% relative abundance by day 220.
Thermoanaerobacter relative abundance decreased sharply after the ini-
tial spike at 4 days, followed by a steady increase over time to 35% at day
220. After a slight decrease at Day 1, DNA concentration in FPW equaled
groundwater by day 7, was greatest at day 22 (108.4 copies/mL) and sta-
bilized around 107 copies/mL. After the initial plummet, alpha diversity
in FPW was stable (H ≈ 3) but never reached that of the native
groundwater.

Samples from other hydraulically fractured wells in the same shale
were also examined for their microbial community characteristics at
different times post-fracturing, in different locations, and using different
drilling practices (vertical or horizontal). As shown in Fig. 3, Clostridia
was again an abundant class in these FPWs. However, these wells
were also populated by other classes. The vertically fractured wells all
contained Gammaproteobacteria (5–60% relative abundance), which
were nearly absent in the horizontally fractured (HF) well sample and
the time-series horizontal well samples (0.01–0.15% relative abun-
dance) despite being present in groundwater used to generate fractur-
ing fluid in the time series well. Thermotogae were present at lower
relative abundances in vertical well samples compared to the horizontal
well sample, while Synergistia were the reverse. Additional classes
abundant in vertical wells thatweren't dominant in the time-series hor-
izontal well included Spirochaetes and Mollicutes, while the horizontal
well sample contained Deferribacteres. ShannonH diversity was variable
(3.1–4.4) in the vertical wells, and slightly greater in the horizontal well
(3.8) than in the time-series samples. 16S rRNA gene concentrations in
all the anonymous wells were similar to each other (~106 copies/mL),
but slightly lower than later time points in the time-series study of the
single well.

No archaeal sequences were detected in FPW at days 7, 15, or 22. Ar-
chaea represented a greater fraction of the overall community relative
abundance in groundwater (1.47% abundance) versus FPW (day 4 b

0.01%, day 55 = 0.09%, day 130 = 0.11%, day 220 = 0.33%, vertical
well average = 0.61%, horizontal well = 0.17%), as shown in Fig. 4.
Groundwater contained a variety of Archaea includingHalobacteriaceae,
Halorubrum, MSP41, and Marine-Group-1, while FPW Archaea were
dominated by Marine-Group-1 (day 4) or Methanothermobacter (days
55, 80, and 130). The anonymous HF sample contained Thermococcus,
whichwere only detected in the day 220 time-series well. The vertically
drilled well samples contained different archaeal communities, with
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more Methanolobus and Methanomicrobiales. TheMethanothermobacter
whichwere dominant in HF sampleswas only dominant in one VF sam-
ple. All detected Archaea belonged to Euryarcheaota, except for Marine-
group-1 (Thaumarchaeota).

3.3. Microbial diversity in longitudinal and anonymous samples

As shown in Fig. 5 by its distance from other samples in the NMDS
ordination, the groundwater used to generate fracturing fluid was
very different from all hydraulic fracturing flowback and produced wa-
ters. The first sample that could be sequenced at day 4 is nearly equally
divergent from groundwater (day 0) and the next sequenced sample
(day 7), indicating rapid succession of microbiota in the first week.
Over time after day 7, the communities changed more slowly as indi-
cated by their closer proximity, and approach the sample from day 4,
resulting in the last sequenced sample community at day 220 most
closely resembling that at day 4. The anonymous horizontal well (HF)
community clusters nearest the samples from the longitudinal study
at days 55 and 80, though it was collected approximately 1 month
after flowback began. This pattern is confirmed by hierarchical cluster-
ing where samples from days 7–22 are grouped together, but diverge
from both the HF sample, and all the later samples (Fig. S5). Communi-
ties in the FPW samples collected from vertically drilled wells cluster
together, but distinctly differ from groundwater or FPW from horizon-
tally drilled wells (see also Fig. S5). The younger (N100 days since
refracturing) vertical well community diverges from the tightly clus-
tered communities of the older (N2 yr) vertical wells (VF1 and 2). The
distinct clustering of the groundwater community from the horizontal
well communities and vertical well communities is reflected in the
number of unique OTUs in these groups of samples (337, 44, and 196
unique OTUs, respectively, as shown in Fig. S6a Venn Diagram). More
shared OTUs were detected when considering only ground water,
time-series horizontal well samples, and the anonymous horizontal
well samplewhich contained 445, 52, and 41 unique OTUs, respectively,
as shown in Fig. S6b.

The effects of 16SDNA concentration, ShannonHalpha diversity, and
previously published water quality parameters (Rosenblum et al.,
2017a; Rosenblum et al., 2016; Rosenblum et al., 2017b) were analyzed
using envfit, and significantly correlated vectors were overlain
with their lengths indicating the strength of the association with the
NMDS ordination in Fig. 5. Supplemental Table S1 lists significance for
all tested parameters. Fig. S7 shows 2nd order surfaces fit to significant
environmental parameters using ordisurf. Themost significant parame-
ters (p b 0.05) were total dissolved solids (TDS, mg/L), chemical oxygen
demand (COD, mg/L), volatile suspended solids (VSS, mg/L), and total
suspended solids (TSS, mg/L). The directions of these vectors indicate
a shift toward the right side of the ordination as these concentrations
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increase. In addition, higher TDS best correlated with the creep of com-
munities back toward those present at day 4 by shifting communities in
the positive y-axis direction. Conversely, higher TSS best correlatedwith
the rapid shift away from day 4 toward day 7 by driving communities
into the negative y direction. However, TDS was highest and TSS was
lowest for VF samples. COD, TSS, and VSS were higher while TDS was
lower in horizontal well samples compared to vertical well samples. Ad-
ditionally, these concentrations were lowest in the groundwater sam-
ple. Among less significant correlations (0.05 b p b 0.1), alkalinity and
TDS were both highest in horizontal well samples, but alkalinity had
an effect similar to TDS while turbidity had an effect similar to TSS.
SUVA (specific ultraviolet absorbance at 254 nm, L/mg-m) was only
measured for the time-series study, and the relationship was largely
driven by the high initial value for groundwater (0.9)whichplummeted
initially (0.4) and increased slowly over time.

4. Discussion

4.1. Early fracturing conditions are highly selective

In thefirstweek of production after hydraulically fracturing this hor-
izontalwell,filtered samples of FPWcausedBLIAbacteria to display dra-
matically increased luminescence, and caused increased cell growth in
Fig. 5. NMDS ordination of microbial communities present in groundwater (0) and in
hydraulic fracturing flowback and produced water collected from a single horizontally
drilled well at various days (4–220) and in anonymous wells drilled vertically (VF1 –
VF3) or horizontally (HF) at various times post-fracking. Model 2-d stress = 0.08,
Shepard nonmetric R2 = 0.99 and linear R2 = 0.97. Vectors indicate significantly
correlated water quality parameters (Rosenblum et al., 2017b; Warner et al., 2013)
(blue p b 0.1, red p b 0.05).
YES yeast (Fig. 1a). The high salinity of FPW was likely well-tolerated
by the BLIA halophilic marine bacteria, enabling the cells to survive
and thrive in these high-strength wastewaters. Another recent study
also detected stimulation of BLIA in soils treated with synthetic FPW
(Chen et al., 2017). However, high concentrations of labile organics
(e.g. organic acids) likely masked the toxicity observed by the sample
constituents that were concentrated by SPE (Rosenblum et al., 2017b)
(Fig. 1b). Day 1 FPW was most cytotoxic in YES, most mutagenic in
theAMES test, andhighly toxic to BLIA, though the greatest BLIA toxicity
was observed at day 120. Although previous studies of fracturing
chemicals and FPWhave detected endocrine disruption, no estrogen ac-
tivitywas detected in our samples. This suggests these FPWshave either
a low degree of estrogenicity or contain estrogenic constituents that
were not concentrated by SPE. Alternatively, endocrine disrupting com-
pounds may be antiestrogenic or interact with receptors other than the
human estrogen receptor, as has been reported previously (Kassotis
et al., 2014). The mutagenic potential concurs with a study reporting
malignant transformation in human bronchial epithelial cells exposed
to Marcellus Shale flowback, which authors attributed to high metals
concentrations (Yao et al., 2015). The high degree of early FPW toxicity
and confounding effects of complex wastewater constituents in this
well is consistentwith recent studies using zebrafish embryos reporting
acute toxicity, adverse metabolic effects, and decreased juvenile fitness
after exposure of day 7 FPW to zebrafish embryos (He et al., 2017a;
Folkerts et al., 2017). The concentration of 16S DNA and ShannonH
alpha diversity of FPW in this well were also lowest at Day 1 (Fig. 2b),
indicating that few microbes indigenous to either the fracturing fluid
or the shale formation could survive the harsh environment of high
pressure, lack of oxygen, salinity, toxicity, and other adverse factors.

The data shown for this well and in the literature indicate that con-
ditions at early stages of production may negatively impact both ecol-
ogy of micro- and macro-organisms, and can have acute and long-
term toxicological effects. Additionally, these toxic components may
be recalcitrant and persist or accumulate in the environment in the
case of storage or spills after microbiota degrade labile organics
(Rogers et al., 2017) unless chemicals volatilize, sorb, or are co-
metabolized. Although the goal of biocides in fracturing fluids is to con-
trolmicrobial growth, their utilitymust be scrutinized considering envi-
ronmental hazards and industrial hazards. As illustrated in this well,
environmental hazards such as toxicity were particularly pronounced
in early stages when fracturing fluid dominated flowback. Additionally,
early fracturing conditions (including biocides) have been shown to se-
lect for resistancemechanisms (Vikram et al., 2014) and select for resis-
tant microbiota which colonize wells, as illustrated here, and could
cause negative outcomes (e.g. souring and plugging).

These early fracturing conditions applied selective pressure such that
detected OTUs were reduced from 651 in groundwater to 113 and 23 at
days 4 and 7, where only the anaerobic, gram-positive, spore-forming
Clostridia (Class) remained. Specifically, Thermoanaerobacter (present
at 0.03% RA in groundwater and 96.99% RA at day 4) were detected
after fracturing, shut-in, and early production conditions and dominated
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the early microbial community in this well. The early presence of this
taxon and increased stress response genes (including those for sporula-
tion, dormancy, and sulfur metabolism) were demonstrated in a recent
metagenomic characterization of day 1 FPW in the Marcellus Shale
(Mohan et al., 2014). These data suggest that these microbes may be
able to use sulfur sources injected for fracturing (as dispersants or
weighting agents) or naturally present in the shale brines, and acti-
vate dormancy and spore-formation to survive harsh early condi-
tions. However, in the metagenomic study the Alphaproteobacteria
which were abundant in the fracturing fluid source water had
greater abundance than Clostridia in day 1 flowback, and more
alpha diversity was retained compared to DJ Basin samples from
this well, indicating potential differences in selectivity that could
be based on conditions specific to operating conditions, fracturing
fluid formulation, or the shale formation.
4.2. Rapid initial succession is followed by gradual transition to early
conditions

After day 4, FPW from this well demonstrated a rapid decrease in
toxicity (Fig. 1) and an increase in alpha diversity and DNA concen-
tration (Fig. 2) from days 7–22. No archaea were observed during
this transition (Fig. 4), and the dominant Clostridia transitioned
from Thermoanaerobacterales (predominately Thermoanaerobacter)
to Clostridiales (including Ruminococcaceae and Caminicella)
(Fig. S7). Another Clostridiales (Desulfotomaculum) was most domi-
nant at day 55 (Fig. S7) whenMethanothermobacter first dominated
the archaeal community (Fig. 4). These results are consistent with a
recent short-term characterization of FPW microbiota in the DJ
basin for another well, where Clostridia were the dominant order
for most of the 64 days sampled (Oetjen et al., 2018). The authors
noted a transition period during days 10–16 of production where
Bacillales were more dominant than Clostridia, which seemed to
be driven by fluctuations in organic carbon. Although Bacillales
were never dominant in our study, organic carbon did play a role
in community dynamics as shown by COD being a significant driver
of microbial communities (p b 0.05, Fig. 5). Decline of COD was in-
versely related to the cumulative volume returned, and was rapid
until day 7, moderate until day 80, and slow thereafter. These three
phases of COD decline also corresponded with succession between
dominant representatives of Clostridia, where Thermoanaerobacterales
were dominant in the rapid and slow periods of COD decline, but
were replaced by Clostridiales during the period of moderate COD
decline.

Principal component analysis of chemical data in the previous short-
term DJ Basin study (Oetjen et al., 2018) suggested three stages of sam-
ple clusters corresponding to early flowback (days 1 and 2), a transition
period (days 6–21), and produced water (after day 21). NMDS ordina-
tion of microbial communities in our study cluster similarly (Fig. 5 and
Supplemental Fig. S5), where early flowback at day 4 is very distinct
from communities in the transition stage starting at day 7. In our
study however, the separation between the transition stage to the pro-
duced water stage is less distinct, and communities after day 7 steadily
becomemore similar to the community observed in the early flowback
day 4 sample over time. These changes were driven significantly (all p b

0.05) by solids concentrations (TSS, VSS, and TDS) in addition to COD,
where TDS was greatest and TSS and VSS were lowest in the day 4
and day 220 samples. In addition to their role as drivers of microbial
community succession in our long-term study of this well, organics
and solids were drivers of temporal variability in water quality in the
short-term study of another DJ Basin well (Oetjen et al., 2018) and
were the putative agents of toxicity to the zebrafish embryosmentioned
earlier (He et al., 2017a; Folkerts et al., 2017), demonstrating the impor-
tance of these characteristics for determining the environmental health
impacts of FPWs throughout each stage of production.
The 16S DNA concentrations and ShannonHalpha diversity trends in
these FPW samples also align with the phases of flowback, changes in
COD, and cumulative volume returned. These 16S concentrations are
in agreement with FPW samples included in a meta-analysis of wells
in other basins (107 copies/mL) (Mouser et al., 2016a). One study con-
versely noted much lower bacterial abundance in late flowback than
in inputwater and earlyflowback (Mohan et al., 2013a). The ShannonH
diversity results from our samples also differ from themeta-analysis.
ShannonH was greater in our groundwater than the meta-analysis
input samples (4.6 N 3.5), was much lower at early FPW time points
(0.3 b 3.2) and was much greater at late FPW time points (~3 N 0.4).
Differences could be attributed to variations in source water for frac-
turing (this well used groundwater but others may use recycled pro-
duced water or freshwater), fracturing fluid composition, native
organic carbon sources and concentrations (e.g. acetate), and local
shale conditions including salinity (Mouser et al., 2016a). For exam-
ple, FPW in the DJ Basin may contain an order of magnitude more
DOC and an order of magnitude less salinity than other basins (e.g.
Marcellus) (Kondash et al., 2017; Cluff et al., 2014; Rosenblum
et al., 2017a).

The steady progression of FPW microbial community beta diversity
toward that observed at day 4 in thiswell suggests that early conditions,
including fracturing fluid source water, chemical additions, and the
shale formation itself, may have a large impact on long-term microbial
community dynamics. This is in contrast to the meta-analysis of FPW
samples collected at various time points from other shale formations,
where samples collected at even greater well ages than we analyzed
remained distinct from early samples (Mouser et al., 2016a). However,
even though temporal clustering differs, the types of microorganisms
and their expectedmetabolisms are consistent between studies and ba-
sins, where fracturing conditions selectmostly for halotolerant, thermo-
philic, anaerobic bacteria (especially Clostridia) and methanogenic
archaea (Mohan et al., 2013a). One mechanism by which the commu-
nity succession may have occurred in our study of this well can be
seen looking at both bacterial (Thermoanaerobacterales) and archaeal
(Marine-Group-1) dynamics. These genera that were present at low
levels in groundwater could have been selected for during fracturing
and shut-in conditions. By activating genes including those for stress re-
sponse, sporulation, and dormancy (Mohan et al., 2014) in response to
changes in water quality and resulting toxicity, they survived in low
numbers (demonstrated by low 16S concentration) but dominated
the low-diversity community in early flowback at day 4. Over time,
conditions became more favorable to other organisms (including
groundwater single- or doubletons such as Petrotoga, Tepidanaerobacter,
Desulfotomaculum, Peptococcaceae, Thermacetogenium or undetected
groundwater taxa such as Thermoanaerobacterium Caminicella,
Caldanaerobacter, Caldanaerobius) in rapid community succession dy-
namics. This indicates the initial conditions selected for organisms
detected at very low levels in source water, and additionally stimu-
lated biota potentially native to the shale formation that were unde-
tected in source water. These factors resulted in FPW long-term
communities with greater 16S DNA concentration (likely due to ad-
dition of food sources in fracturing fluid) but lower ShannonH diver-
sity (due to selective pressures including toxicity) than the original
input groundwater.

Besides Clostridia, other groups that played a role in the long-term
community dynamics were Thermotogae (including Thermotoga and
Thermosipho), Thermodesulfobacteria (Thermodesulfobacteraceae) and
Synergistia (Thermovigra). These genera including Clostridia could all
contribute to biocorrosion and biogeochemical cycling of sulfur (includ-
ing thiosulfate reduction to well-souring sulfide) which is used for frac-
turing fluid dispersion or weighting, and carbon which is used for
fracturing fluid thickening (Mouser et al., 2016a). The persistence and
proliferation of these taxa indicates that particular care should be
taken so as not to provide conditions conducive to communities that
might be associated with these undesirable outcomes.
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4.3. Shared and unique microbial communities

Halanaerobiumhas beendetected almost ubiquitously in FPWstudies
of other shale formations (Mouser et al., 2016a) andwas detected in our
groundwater sample (0.01% RA), but was not detected in in any of our
FPW samples, indicating that it may be specific to selective conditions,
such as the higher salinity of other shale formations (Kondash et al.,
2017). Our results concur with a short-term DJ Basin well characteriza-
tion where the order Halanaerobiales was not detected in FPW (Oetjen
et al., 2018). Identified as an important sulfide producer and contributor
to biocorrosion in presence of thiosulfate and labile carbon, the taxon
playing a similar role in our studywould be Thermoanaerobacter, another
thermotolerant, halotolerant anaerobic fermenter. Additionally, the
primary methanogenic archaeon detected in other studies has been
methanotrophic Methanolobus (Mouser et al., 2016a), but we only de-
tected this taxon in vertical wells, and instead predominately detected
hydrogenotrophic Methanothermobacter in horizontal (especially late-
stage) wells. Again our results concur with the recent short-term study
in the DJ Basin where the order Methanobacteriales was detected but
notMethanosarcinales (Oetjen et al., 2018) indicating potential methan-
ogenic archaea specific to horizontal drilling in the DJ Basin. Although
these methanogens utilize different terminal electron acceptors, both
share possibility for stimulation of in situ methanogenesis to increase
well productivity and are therefore important members to consider
even though they represent a small fraction of the overall community.

Within the DJ Basin, the drilling practice (vertical vs horizontal) af-
fected microbial communities, as indicated by a distinct cluster of
three different vertically drilled wells in NMDS ordination (Fig. 5)
with large number of unique OTUs compared to the collective anony-
mous and time-series horizontal well samples (Fig. S6a). Because oper-
ations data (including cumulative volume returned, fracturing fluid
formulation) and samples of source water for the anonymous wells
weren't collected, the relative contribution of drilling type, source
water, andmanagement decisions to uniqueness of vertical well micro-
bial communities is uncertain. Additionally, low sample size limits the
ability to determine specific effects of these factors. However, samples
from the anonymous horizontal well share many OTUs with our time-
series horizontalwell characterization (Fig. S6b), suggesting a large con-
tribution of well drilling type to resulting FPW communities in the DJ
Basin.

The HF clustering with the later samples indicates microbial signa-
tures from horizontally drilled wells in this basin evolve at similar
rates, with differences likely due to localized or management decisions.
Clustering of the HF sample with later communities possibly indicates
that thewell had already progressed from the transition to theflowback
stage. The timing and progression is similar to the evolution of water
quality parameters in the short-term study (Oetjen et al., 2018) though
neither sequence data nor an OTU table was publicly available for veri-
fication. Because the older VF clustered together more tightly than the
younger, it is reasonable to assume they also share similar longitudinal
relationships. More data is needed to generalizewell age effects on evo-
lution of microbial communities (including well type, toxicity, and
water quality parameters) for this basin.

4.4. Environmental health implications for treatment and reuse

The results from rawwaters from this well in the BLIA test also shed
light on the possibility that halotolerant organisms in the environment
may flourish upon exposure to releases, potentially resulting in eutro-
phication of waterways receiving discharge due to degradation of labile
organics while recalcitrant and toxic compounds accumulate. The high
degree of cytotoxicity of raw FPW samples from this well to eukaryotic
yeast in YES indicates that eukaryotic organisms may be at increased
risk. These high values of cytotoxicity of SPE samples in all assays that
peaked early in the flowback timeline may be attributable to the bio-
cides and other potentially toxic additives utilized in fracturing fluid to
control biological growth, pointing to the need for research exploring
potentially less toxic methods of microbial control such as ultraviolet
disinfection or ozonation. Additionally, continued microbial control
using non-chemical methods or those targeted to be selective against
undesirable metabolisms (such as those for corrosion and souring)
throughout production may inhibit growth of organisms contributing
to souring, plugging, and corrosion while allowing less harmful and po-
tentially protective microbiota to flourish. More studies are needed to
determine the toxicity and microbial ecology effects from reusing FPW
for hydraulic fracturing.

In addition to considering other treatment methods, drillers may
also reconsider fracturing fluid additives that provide food for adverse
metabolic outcomes. For example, guar gum, commonly used as a thick-
ener, has been shown to potentially be able to stimulate in situ sulfide
production by sulfate reducing microbes at elevated pressure (Nixon
et al., 2017). Citric acid, commonly used as a complexing agent, is readily
fermented to bioavailable acetate by Clostridium, while guar and ethyl-
ene glycols are also readily degraded by Firmicutes (Nixon et al.,
2017), which can then lead to pH depression that contributes to
corrosion.

Besides pointing to the pressure exerted on biota that could have
large impacts on well profitability, these data (especially toxicity) sug-
gest the importance of careful early FPW management. Because early
flowbackwasmost toxic for thiswell, itmay bemost dangerous and dif-
ficult to treat, as toxicity may interfere with many biological processes.
Because these in vitro assays are screens that employ unicellularmicro-
organisms, two bacteria (BLIA and AMES) and one eukaryote (YES), re-
sults don't necessarily translate to human or environmental health.
However, these screens are rapid, sensitive, and can direct future stud-
ies considering the context of fracturing operations helps to put these
screening results in to perspective. The fracturing fluid itself was not di-
rectly tested, due to extremely high viscosity, but seems to contribute to
flowback being the greatest hazard the first few days of flowback. Un-
derstanding howwater quality parameters impactmicrobial communi-
ties in these DJ Basin FPW samples and in studies of FPW in other basins
based on pastmanagement decisions, fracturingfluid formulations, dril-
ling type, operations, and treatment can be optimized so that toxicity
and negative environmental health implications from storage or even-
tual treatment and reuse can be reduced, while optimizing the health
and productivity of a well.

5. Conclusions

Toxicity of FPW from a hydraulically fractured horizontally drilled
well as indicated by BLIA, YES, and AMES in vitro bioassays was negligi-
ble in the groundwater used to generate fracturing fluid, but was
greatest the first day of flowback, and declined within the first 1–
2months of flowback asmeasured by YES Inhibition andAMESmutage-
nicity. Toxicity remained high for the first 220 days of flowback as
measured by BLIA in 25× SPE concentrated samples. These trends
were mirrored by an initial plummet of extracted 16S DNA concentra-
tion and microbial community ShannonH alpha-diversity, although
the 16S DNA concentration in later samples was greater than ground-
water used to generate fracturing fluid. Relative abundances of taxa
that play a role in sulfur biogeochemical cycling changed over the life
of the well as FPW returned at varying rates in conjunction with
changes in organic and solid concentrations. Late stage produced
water communities gradually became increasingly similar to those in
the earliest sample of flowback water, indicating that early conditions
have a great impact on the resident microbiota over the life of the
well. These time-series toxicity and microbial community assessments
over thefirst 220 days ofwell production provide information for indus-
try and regulators to understandwater quality implications of fracturing
practices (including potential negative environmental and industrial
implications of current microbial control strategies), and FPWmanage-
ment, treatment, and reuse.
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