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Flow-back and produced waters from shale gas and shale oil fields contain high
ammonium, which can be formed by methanogenic degradation of methylamines
into methane and ammonium. Methylamines are added to fracturing fluid to prevent
clay swelling or can originate from metabolism of the osmolyte triglycinebetaine (GB).
We analyzed field samples from a shale gas reservoir in the Duvernay formation
and from a shale oil reservoir in the Bakken formation in Canada to determine the
origin of high ammonium. Fresh waters used to make fracturing fluid, early flow-back
waters, and late flow back waters from the shale gas reservoir had increasing salinity
of 0.01, 0.58, and 2.66 Meqg of NaCl, respectively. Microbial community analyses
reflected this fresh water to saline transition with halophilic taxa including Halomonas,
Halanaerobium, and Methanohalophilus being increasingly present. Early and late
flow-back waters had high ammonium concentrations of 32 and 15 mM, respectively.
Such high concentrations had also been found in the Bakken produced waters.
Enrichment cultures of Bakken produced waters in medium containing mono, di-, or
trimethylamine, or triglycinebetaine (GB) converted these substrates into ammonium (up
to 20mM) and methane. The methylotrophic methanogen Methanohalophilus, which
uses methylamines for its energy metabolism and uses GB as an osmolyte, was
a dominant community member in these enrichments. Halanaerobium was also a
dominant community member that metabolizes GB into trimethylamine, which is then
metabolized further by Methanohalophilus. However, the micromolar concentrations of
GB measured in shale reservoirs make them an unlikely source for the 1,000-fold higher
ammonium concentrations in flow-back waters. This ammonium either originates directly
from the reservoir or is formed from methylamines, which originate from the reservoir,
or are added during the hydraulic fracturing process. These methylamines are then
converted into ammonium and methane by halophilic methylotrophic methanogens, such
as Methanohalophilus, present in flow-back waters.

Keywords: methanogenesis, methylotrophic methanogenesis, halophilic, shale gas, sulfate reducing bacteria
(SRB), fermentative bacteria, corrosion, ammonium
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INTRODUCTION

Halophilic microorganisms (halophiles) have been studied for
decades, especially with respect to their biotechnology potential
for osmolyte synthesis (Stan-Lotter and Fendrihan, 2012).
Halophiles adapt to high external NaCl concentrations by
accumulation of KCl or by production and accumulation of
compatible solutes (osmolytes), such as trimethylglycine (also
called glycine betaine; GB), in the cytoplasm (Oren, 2001). The
first strategy requires that intracellular proteins are highly acidic
(Oren, 2013). Halophiles are often isolated from highly saline
environments such as the Great Salt Lake and the Dead Sea
(Oren, 2001, 2008; Roberts et al., 2005). Recent exploration of
highly saline shale oil and shale gas reservoirs has also indicated
the presence of halophilic microbial communities (Cluff et al.,
2014; Tucker et al., 2015; An et al., 2017).

The shale oil and shale gas industries have seen a
rapid expansion due to development of hydraulic fracturing
technologies (Brittingham et al., 2014; Mouser et al, 2016;
Shrestha et al., 2017). In addition to high salinity in excess
of 1 Meq NaCl, which is defined as the salinity of a solution
of salts with a conductivity as that of 1M NaCl, deep shale
reservoirs have high temperatures in excess of 60°C. This
bears the question whether microorganisms can survive in
such conditions. Injection of fresh water-based fracturing fluids
into shale reservoirs will decrease the salinity and temperature
of the down-hole environment, allowing increased microbial
activity, including of sulfate-reducing bacteria (SRB). Decreases
in temperature and salinity due to hydraulic fracturing give rise
to distinct microbial communities in different recovery stages
(Cluft et al., 2014). Bowers and Wiegel (2011) showed that 110
halophilic Archaea had optimal growth temperatures between 30
and 40°C and optimal salinities between 2.5 and 3.5M NaCl.
But the maximum growth temperature for halophilic Archaea is
55°C, which limits their growths in down-hole environments.

Sulfate-reducing bacteria reduce sulfate to sulfide, which
partitions into the gas phase as H,S. This decreases the value of
produced gas. SRB, methanogens and other microbes can also
contribute to microbially-influenced corrosion (MIC; Enning
and Garrelfs, 2014). Polymer added to fracturing fluid to
keep proppant (sand) in suspension may also be microbially
degraded. Hence, there are multiple incentives for controlling
microbial activities in shale gas reservoirs. Creating multiple
environments by changing salinity and temperature through
injection of cold fresh water and by storing produced water
above ground complicates the problem of microbial control, e.g.,
when temperature and/or salinity are kept high nitrate-reducing
bacteria (NRB) reduce nitrate only to nitrite, which is a powerful
SRB inhibitor (Fida et al., 2016; An et al., 2017). Hence, SRB
control with nitrate is easier if environments with low salinity
and temperature are not allowed to emerge in shale gas or shale
oil operations.

Halophilic SRB and methanogens, such as Desulfohalobium
and Methanohalophilus, are found in shale reservoirs. The
latter is a methylotrophic methanogen, which produces methane
and ammonium from methylated amines (Boone et al., 1993;
Katayama et al., 2014; Daly et al., 2016) and uses GB as an

osmolyte (Lai and Lai, 2011). This can be metabolized by other
microorganisms (King, 1984), such as Halanaerobium, for energy
production (Cluff et al, 2014). Halanaerobium metabolizes
GB into methylated amines that can again be metabolized
by halophilic methylotrophic methanogens to methane and
ammonium (Daly et al., 2016). GB is also used by some SRB as
electron donor to reduce sulfate to sulfide (Oren, 1990). Organic
amines, including tetramethylammonium chloride, are also often
added in shale operations in concentrations of up to 0.3% v/v to
inhibit clay swelling (Horton and Jones, 1998).

The multiple effects from additives like methylamines on
the microbial communities in shale reservoirs are as yet poorly
understood and require further analyses. The aim of the present
study was therefore to provide insight into the origin of
high ammonium concentrations in shale reservoirs using water
samples from Canadian shale oil and shale gas reservoirs.

MATERIALS AND METHODS

Sample Collection

Samples were collected from a shale gas reservoir from the
Duvernay formation in Alberta, Canada. This included samples
of source water (SW), flow back water (FBW), and C-ring storage
tank water (STW). SW1, SW2, and SW3 were obtained from
fresh water lakes, whereas SW4 was an industrial waste water.
These source waters were combined with other components to
make fracturing fluid, which was used for hydraulic fracturing
by injection in horizontal wells. Following fracturing FBWs were
produced together with produced gas at multiple sites (FBW1 to
FBWS). These were a mixture of fracturing fluid and waters or
other components (e.g., salts) from the shale formation with the
fraction of the latter increasing with time. Following production
FBWs were stored in multiple C-ring containment systems,
which were open to the air. Samples from these systems are
referred to as storage tank water (STW) and were received from
STW1 to STW4. Samples were received in either September
2015, November 2016, or January 2017 (Table 1). Sample bottles
were filled to the brim to exclude air and were shipped on ice.
Samples were received within 2 days and were stored in the
anaerobic hood with 90% v/v N, and 10% v/v CO; (N;-CO;)
upon arrival. Samples from the Bakken shale oil field were as
described previously (An et al., 2017).

Water Analyses

Water chemistry analyses were carried out using 50 mL of field
sample for measurement of pH, salinity, sulfate, sulfide, organic
acids, and ammonium concentrations. The pH was measured
using an Orion pH meter (Model 370; VWR International,
Mississauga, ON). Salinity in molar equivalent (Meq) of NaCl
was analyzed with an Orion conductivity cell (model 013005MD;
Thermo Scientific, Beverly, MA). Conductivity and pH of the
field water samples were averages of triplicate measurements.
The concentration of dissolved sulfide was measured using the
diamine method (Triiper and Schlegel, 1964). Samples were
diluted to 1 Meq of NaCl using MilliQ-filtered water (Millipore,
Etobicoke, ON), before analyzing sulfate, nitrate and nitrite
with the Waters 600E high performance liquid chromatography
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TABLE 1 | Water chemistry of source, flow-back, and C-ring storage tank water samples from the Duvernay formation received in 09/15, 11/16, and 01/17 as indicated.

Sample type and date received Sample (Site)? Salinity (Meq of NaCl) pH lon analyses (mM)
Sulfate Sulfide NH; Acetate
Source Water (SW) 09/15 Swi 0 7.66 0.12 0 0 0
Sw2 0.01 8.13 0.31 0 0.58 0
SwW3 0 8.21 1.12 0 0 0
Sw4 0.01 7.79 3.14 0.02 0 0
Average 0.01 7.95 117 0.01 0.15 0
stDev 0.01 0.26 1.38 0.01 0.29 0
Flowback Water (FBW) 09/15 FBW1_09/15 0.58 5.77 0 0.04 39.6 0.34
FBW2_09/15 0.58 5.7 0 0 23.65 0.47
Average 0.58 5.74 0 0.02 31.63 0.41
stDev 0 0.05 0 0.03 11.28 0.09
Flowback Water (FBW) 11/16 FBW1_11/16 3.2 5.5 6 0 14.2 50
FBW2_11/16 2.5 5.8 3.9 0 14.5 6.4
FBW3 2.1 5.9 3.9 0 15.7 70
FBW4 3.2 5.6 4.3 0 12 53.8
FBW5 / / / / / /
FBW6 2.5 5.8 5.9 0 16.6 6.9
FBW7 2.4 6 7.5 0 15 6.5
FBW8_ 2.7 5.6 4.3 0 141 7.2
Average 2.66 5.74 5.11 0 14.59 28.69
stDev 0.41 0.18 1.38 0 1.45 28.04
Storage tank water (STW) 01/17 STWA 0.7 6.91 0.17 0 4.93 1.1
STW2 1.88 6.32 1.22 0 12 3.8
STW3 1.3 6.07 0.58 0.49 7.53 8.3
STW4 2.21 6.03 0.58 0.12 12.41 8.9
Average 1.52 6.33 0.64 0.15 9.22 5.53
StDev 0.66 0.41 0.43 0.23 3.61 3.73

aSample and site names are the same. In the case of sites FBW1 and FBW2, samples were collected on two different dates. These samples are distinguished by adding the date to

the sample name in the text when necessary.

(HPLC) instrument. Sulfate was measured using a conductivity
detector (Waters 423) and IC-PAK anion column (4 x 150 mm,
Waters). Nitrate and nitrite were eluted from the same column
with the same buffer but were measured with an UV detector
(UV/VIS-2487, Waters) at 220 nm. Concentrations of sulfate,
nitrate and nitrite were calculated from appropriate standard
lines taking dilution factors into account. Concentrations of
lactate and of volatile fatty acids (VFA) acetate, propionate and
butyrate, were measured using a HPLC system (Waters, model
515) with the UV detector at 220nm and an organic acids
column (Alltech, 250 x 4.6 mm). Ammonium concentrations
were measured using spectrophotometry with the indophenol
method (Aminot et al., 1997).

DNA Extraction and Microbial Community

Analyses

DNA was extracted from field samples and from sample
enrichments. For field samples 250mL was centrifuged at
14,000 x g for 20min at 4°C. For enrichments, 5mL was
centrifuged at 14,000 x g for 10 min at 4°C. DNA was extracted
from the pellets using the FastDNA extraction kit for soil (MP
Biomedicals). DNA was quantified with a Qubit fluorimeter

(Invitrogen) using the Quant-iT double-stranded DNA (dsDNA)
HS assay kit (Invitrogen).

DNAs were amplified using a two-step PCR process with
Ilumina Miseq non-barcoded primers 926Fi5 and 1392RiF (An
et al., 2017) for the first PCR. PCR was performed for 3 min at
95°C, followed by 25 cycles of 30 s at 95°C, 45 s at 55°C, and 2 min
at 72°C, and then 10 min at 72°C. For the second PCR (10 cycles),
forward primer P5-S50X-OHAF and reverse primer P7-N7XX-
OHAF were used (Fida et al., 2016; An et al., 2017). The final PCR
product was purified and quantified using the same procedures as
above and sent for Illumina Miseq sequencing at the University
of Calgary.

Mlumina Miseq sequences were analyzed with the MetaAmp
software, (http://ebg.ucalgary.ca/metaamp/) (Dong et al.,, 2017).
Sequences were merged using PEAR 0.9.8 and merged reads
were uploaded to MetaAmp, which used a cut-off quality
control (QC) score for each sequence of 50 and a minimum
length of each sequence of 420 base pairs. The QC sequences
were clustered into operational taxonomic units (OTUs) using
average neighbor clustering at a distance of 3%. Each OTU was
assigned to a taxon by comparison with the latest version of
the non-redundant 16S rRNA small subunit SILVA database.
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Amplicon sequence libraries were clustered into a dendrogram
using the unweighted pair group method algorithm (UPGMA)
and the distance between these was calculated using the Bray-
Curtis coeflicient in the Mothur software. The dendrogram was
visualized using the MEGAS5.2.2. Program (Tamura et al., 2011).

Enrichment of Halophilic

Methylotrophic Methanogens

Coleville Synthetic Brine K (CSBK) medium (Fida et al,
2016) with 2.0 M of NaCl and 20mM of methylamine (MA),
dimethylamine (DMA), or trimethylamine (TMA) or 10 mM of
GB was used. Bakken field samples (10% v/v) were inoculated
into 60 mL of fresh anaerobic saline CSBK medium in 120 ml
serum bottles with a headspace of N,-CO,, all enrichments
were grown in duplicate. Enrichments were incubated at
30°C in the dark. Headspace methane was measured by
anaerobically removing 200 pL of headspace from the serum
bottles and injecting into a Hewlett-Packard 5890 (USA)
Gas Chromatograph (GC) equipped with a flame ionization
detector (FID).

Corrosion Experiments and Analyses

Ball bearings (BBs) made from a36 carbon steel with a diameter
© = 0.238 & 0.003 cm were obtained from Thomson Precision
Ball. These were prepared using the NACE protocol RP0775-2005
(Voordouw et al., 2016) in which BBs were polished using grit
size 400 sand paper, placed in dibutylthiourea HCI solution for

2 min, neutralized with 1.2 M NaHCO3 for 2 min, rinsed with
deionized water, rinsed with acetone, and dried with N,. The
BBs were stored anaerobically prior to use. BBs were weighed
thrice and the average weight was recorded as the starting weight.
Post corrosion experiments, BBs were cleaned and weighed using
the same procedure as above. The general corrosion rate CR
(mm/year) was calculated from the weight loss (AW in g) as:
CR = 87,600 x AW/ (D x A x T), where D is the density of the
carbon steel (7.85 g/cm?), A is the surface area of the BBs (cm?)
and T is the incubation time in h. The factor 87,600 converts the
measured corrosion rate from cm/h to mm/year.

Scanning electron microscope (SEM) images of incubated
carbon steel BBs were obtained at the Instrumentation
Facility for Analytical Electron Microscopy (IFAEM) at the
University of Calgary using an FEI Quanta 250 FEG variable
pressure/environmental field emission SEM with an Everhart
Thornley Detector (ETD) for high-vacuum secondary electron
imaging and a two-segment semiconductor Backscatter Electron
Detector (BSE). Images were obtained using an acceleration
voltage of 15 kV and a working distance of 10 mm.

RESULTS
Water Chemistry Analyses of Field Samples

The water chemistry analyses of Duvernay shale gas samples
are summarized in Table 1. The average salinity of the source
water samples was 0.01 £ 0.01 Meq of NaCl (Table 1). These

0 40 6 80. ..100 O 20 40 60 80 )
- Arc%mca;Luryarchacom;?\/Icthanomlcrobm ® Bacteria;Proteobacteria;Alphaproteobacteria

Eukaryota;Archaeplastida;Chloroplastida

i FBW2 |
———— FBW8 |
i — FBW1 i
—— FBW4 |
— ——— FBW7 |
——— FBWS5 |
L FBWG |
FBWS3 ||
® Archaea;turyarchaeota;Methanobacteria 0
Bacteria;Acidobacteria ® Bacteria;Actinobacteria
® Bacteria;Bacteroidetes Bacteria;Chlorofiexi
Bacteria;Cyanobacteria Bacteria;Firmicutes
Bacteria;Tenericutes
Eukaryota;Opisthokonta;Nucletmycea

FIGURE 1 | Microbial community compositions for 11/16 flow-back water (FBW) samples from the Duvernay formation; shown are a relational tree indicating clades |
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fresh water samples also had low concentrations of sulfate
(12 & 1.4mM), sulfide (0.01 £ 0.01mM), and NH; (0.2 +
0.3mM) (Table 1). Flow-back water samples FBW1_09/15 and
FBW2_09/15 had a higher salinity (0.58 Meq of NaCl) and a very
high NHI concentration (31.6 &= 11.3 mM). But sulfate, sulfide,
and acetate concentrations were low, as for the source water
samples (Table 1). The salinity of flow-back waters increased
with time with values of 3.2 and 2.5 Meq of NaCl measured

for FBW1_11/16 and FBW2_11/16, respectively (Table 1). The
average for eight flow-back waters collected in November of
2016 was 2.66 £ 0.41 Meq of NaCl. These samples also had
a higher average concentration of sulfate of 5.1 mM, whereas
that of NHI decreased to 14.6mM (Table 1). FWB3, FWB4,
and FBW1_11/16 had high concentrations of acetate (Table 1).
FBW5 was a water-in-oil emulsion and sterile MilliQ water was
added to obtain an aqueous layer for DNA extraction, which

TABLE 2 | Microbial community compositions of flow-back water samples from a Duvernay shale gas field received in November 2016.

FBW2_11/16 FBWS8 FBW1_11/16 FWB4 FBW7 FBW5 FBW6 FWB3
GQ name V63_3962 V63_3961 V63_3957 V63_3956 V63 3960 V63_3958 V63_3959 V63_3955
Clade 1l Il Il Il | | | |
Total reads 46,498 43,035 40,016 36,622 41,032 38,513 45,046 30,244
# of OTU 74 74 128 270 191 161 94 309
# of Taxa 55 73 119 248 187 159 68 305
Shannon index 0.5 1.7 1.8 1.8 2.0 2.1 0.9 3.0
TAXONOMY (CLASS; ORDER; FAMILY; GENUS)
Gammaproteobacteria; Oceanospirillales; 0.57 5.88 4.61 13.37 47.34 52.69 59.30 34.12
Halomonadaceae; Halomonas
Deltaproteobacteria; Desulfovibrionales; 0.95 47.10 60.32 59.81 17.90 2.16 0.18 1.32
Desulfovibrionaceae; Desulfovibrio;
Clostridia; Halanaerobiales; Halanaerobiaceae; 96.72 27.38 0.74 1.64 1.09 2.13 0.21 2.09
Halanaerobium;
Firmicutes; Clostridia; Clostridiales; Eubacteriaceae; 0.77 217 10.42 1.11 13.84 16.03 0.72 3.96
Acetobacterium;
Gammaproteobacteria; Alteromonadales; 0.02 1.25 0.63 0.32 3.17 0.96 37.07 0.53
Alteromonadaceae; Marinobacter;
Epsilonproteobacteria; Campylobacterales; 0.39 4.04 6.90 9.51 2.44 0.33 0.99 0.46
Campylobacteraceae; Arcobacter;
Gammaproteobacteria; Pseudomonadales; 0.20 2.11 5.50 0.89 2.51 5.40 0.30 2.85
Pseudomonadaceae; Pseudomonas;
Chloroplast; 0.02 0.07 0.19 0.02 0.03 0.92 0.01 15.03
Alphaproteobacteria; Rhizobiales; Methylobacteriaceae; 0.01 0.27 0.34 0.05 0.14 0.33 0.02 11.52
Methylobacterium
Methanomicrobia; Methanomicrobiales; 0.08 0.56 1.89 0.43 0.78 3.97 0.46 1.19
Methanocorpusculaceae; Methanocorpusculum;
Alphaproteobacteria; Rhodobacterales; 0.00 6.85 0.03 0.03 0.09 0.06 0.01 0.10
Rhodobacteraceae; Nesiotobacter;
Gammaproteobacteria; Enterobacteriales; 0.00 0.00 0.00 0.05 5.57 0.00 0.00 0.01
Enterobacteriaceae; Raoultella;
Actinobacteria; Propionibacteriales; 0.03 0.20 1.29 0.22 0.28 1.78 0.08 1.28
Propionibacteriaceae; Propionibacterium;
Bacilli;Bacillales; Staphylococcaceae; Staphylococcus 0.01 0.04 0.24 0.05 0.06 3.22 0.00 0.32
Betaproteobacteria; Burkholderiales; Burkholderiaceae; 0.00 0.00 0.07 0.18 0.06 0.23 0.00 2.37
Ralstonia;
Actinobacteria; Corynebacteriales; Nocardiaceae; 0.02 0.14 0.38 0.32 0.14 0.83 0.02 0.32
Rhodococcus;
Clostridia; Clostridiales; Peptostreptococcaceae; 0.00 0.00 0.00 1.50 0.00 0.03 0.00 0.06
Romboutsia;
Methanobacteria; Methanobacteriales; 0.05 0.10 0.74 0.03 0.12 0.17 0.05 0.15
Methanobacteriaceae; Methanobacterium;
Deltaproteobacteria; Desulfovibrionales; 0.01 0.35 0.00 0.00 0.06 0.24 0.01 0.04
Desulfohalobiaceae; Desulfovermiculus;
Total % 99.9 98.5 94.3 89.5 95.6 91.5 99.4 77.7

The fractions (%) of QC reads are indicated for each taxon. Fractions in excess of 1% are indicated in bold.
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was not used for water chemistry analyses (Table 1). The C-ring
storage tanks, used to contain flow-back waters, are mildly heated
(45°C). The salinity of STW1 and STW3 was lower than that for
STW2 and STW4 (Table 1; 1 and 2 Meq of NaCl, respectively).
All C-ring water samples had lower sulfate concentrations
(0.17-1.22mM) than found in the flow-back water samples.
STW3 and STW4 had detectable concentrations of aqueous
hydrogen sulfide (Table 1: 0.49 and 0.12 mM). The lower sulfate
and higher sulfide concentrations in the C-ring storage tank
waters, as compared to the flow-back waters, suggested active
sulfate reduction. C-ring water samples had lower ammonium
concentrations of 9.2 &= 13.6 mM (Table 1) than found in flow-
back waters. Produced waters from a Bakken shale oil field,
which was injected with water with 0.6 Meq of NaCl, 30 mM

sulfate, and 2 mM of ammonium, had high salinity (average 1.6
Meq of NaCl), sulfate (average 24 mM) and ammonium (average
17 mM). Values for individual produced waters depended on the
degree of injection water breakthrough (An et al,, 2017). A high
ammonium concentration thus appears to be shared by shale
gas field flow-back waters (Table 1) and shale oil field produced
waters (An et al., 2017).

Microbial Community Analyses of
Field Samples

Results for Illumina sequencing of 16S rRNA gene amplicons
obtained for the 09/15 samples, including numbers of QC
reads and of derived OTUs, taxa and the Shannon diversity
index are shown in Table S1. The microbial communities in

TABLE 3 | Microbial community compositions of C-ring storage tank water samples from a Duvernay shale gas field received in January 2017.

STW1 STW2 STW3 STW4
GQ name V64_4082 V64_4083 V64_4084 V64_4085
Total reads 60,532 61,011 65,454 77,436
#of OTU 268 115 181 120
# of Taxa 264 102 170 91
Shannon Index 3.6 2.3 3.1 2.6
TAXONOMY (CLASS; ORDER; FAMILY; GENUS)
Clostridia; Halanaerobiales; Halanaerobiaceae; Halanaerobium; 24.14 54.36 24.75 47.89
Deltaproteobacteria; Desulfovibrionales; Desulfovibrionaceae; Desulfovibrio; 6.19 2.86 12,18 18.22
Bacteroidia; Bacteroidales; Marinilabiaceae; Anaerophaga; 3.61 3.22 11.19 3.88
Thermotogae; Thermotogales; Thermotogaceae; Geotoga; 5.53 1.30 1.78 8.26
Deltaproteobacteria; Desulfuromonadales; 4.87 12.08 0.02 0.01
Clostridia; Halanaerobiales; Halobacteroidaceae; Orenia; 0.05 0.60 13.67 0.00
Synergistia; Synergistales; Synergistaceae; 3.05 1.52 5.15 0.68
Deltaproteobacteria; Desulfuromonadales; Desulfuromonadaceae; Pelobacter; 0.12 0.02 0.83 7.14
Gammaproteobacteria; Oceanospirillales; Halomonadaceae; Halomonas; 0.94 243 0.30 4.97
Spirochaetes; Spirochaetales; Spirochaetaceae; Sphaerochaeta; 4.97 0.70 2.43 0.00
Synergistia; Synergistales; Synergistaceae; Dethiosulfovibrio; 1.03 0.44 6.02 0.02
Clostridia; Clostridiales; Lachnospiraceae; Lachnospiraceae-UCG-010; 0.00 0.00 6.98 0.00
Bacilli; Bacillales; Bacillaceae; Halolactibacillus; 0.04 6.99 0.04 0.01
Gammaproteobacteria; Oceanospirillales; Oceanospirillaceae; 6.29 0.00 0.01 0.00
Clostridia; Halanaerobiales; Halanaerobiaceae; 0.15 0.05 1.81 3.00
Epsilonproteobacteria; Campylobacterales; Campylobacteraceae; Arcobacter; 4.37 0.02 0.04 0.00
Cytophagia; Cytophagales; Cytophagaceae; Meniscus; 0.84 0.00 3.06 0.00
Deltaproteobacteria; Desulfuromonadales; Sva1033; 4.05 0.00 0.00 0.00
Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae; Pseudomonas; 1.24 0.01 0.07 1.68
Gammaproteobacteria; Pseudomonadales; Moraxellaceae; Acinetobacter; 3.14 0.00 0.04 0.00
Methanomicrobia; Methanosarcinales; Methanosarcinaceae; Methanohalophilus; 0.32 1.53 0.93 0.22
Bacteroidia; BacteroidialncertaeSedis; Draconibacteriaceae; Tangfeifania; 0.02 2.92 0.01 0.00
Methanomicrobia; Methanosarcinales; Methanosarcinaceae; Methanolobus; 2.86 0.00 0.05 0.01
Clostridia; Clostridiales; Clostridiaceae-3; 0.01 0.00 1.32 1.14
Deferribacteres; Deferribacterales; Deferribacteraceae; Flexistipes; 1.74 0.91 0.11 0.06
Gammaproteobacteria; Alteromonadales; Shewanellaceae; Shewanella; 2.75 0.00 0.02 0.00
Gammaproteobacteria; Pseudomonadales; Moraxellaceae; Psychrobacter; 2.47 0.00 0.00 0.00
Bacteroidia; Bacteroidales; Porphyromonadaceae; Proteiniphilum; 1.43 0.46 0.28 0.01
Clostridia; Clostridiales; Clostridiales-Incertae-Sedis; Dethiosulfatibacter; 0.19 1.59 0.02 0.20
Total % 86.42 94.01 93.11 97.40

The fractions (%) of QC reads are indicated for each taxon. Fractions in excess of 1% are indicated in bold.
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SW1, SW2, and SW3 lake waters were dominated by freshwater
microorganisms, such as Limnohabitans, Flavobacterium,
Polynucleobacter, and Actinobacterialhgcl_clade, which are
well-known taxa in freshwater lakes. The microbial community
in SW4, which was an industrial waste water, also contained
these fresh water microorganisms but in addition contained taxa
which were shared with flow-back water FBW1_09/15, including
Hydrogenophaga, GKS98_freshwater_group, Acidibacter, and
Mycobacterium. Flow-back water FBW2_09/15 had high
fractions of Thermus, Anoxybacillus, Rubrivivax, Shewanella,
and Thauera, whereas flow-back water FBW1_09/15 had high
fractions of Thermus, Flavobacterium, and Mesorhizobium
with smaller fractions of the fresh water taxa Limnohabitans,
Polynucleobacter, Hydrogenophaga, GKS98_freshwater_group,
Acidibacter, and Mycobacterium (Table S1).

Microbial community compositions of the 11/16 flow-
back waters showed three distinct clades (Figure 1). Clade I,
consisting of communities in samples FBW?7, FBW5, FBW6, and
FWB3, was dominated by Halomonas. Anaerobic taxa including
Desulfovibrio, Acetobacterium, and Methanocorposculum were
also present (Table 2). Clade II, consisting of communities in
samples FBW8, FBW1_11/16, and FWB4, was dominated by
Desulfovibrio with Halomonas, Halanaerobium, Acetobacterium,
and Arcobacter also being present (Table 2). Clade III consisted
of a single community of FBW2_11/16, which was composed
mostly of Halanaerobium (Table 2). The diversity as indicated by
the Shannon index for the 2016 communities (0.5-3) was lower
than that of the 2015 communities (2.6-4.8). Flow-back water
samples from sites FBW1 and FBW2, received both in 11/16 and
09/15, showed very different microbial community compositions.
The aerobic and non-halophilic taxa found in FBW1_09/15
and FBW2_09/15 (Table S1) were replaced with Halomonas
and Halanaerobium in FBW1_11/16 and FBW2_11/16 (Table 2),

TABLE 4 | Average general corrosion rates of unfiltered flowback water and
C-ring samples incubated with five carbon steel BBs each.

Sample Average general corrosion rate + SD (mm/year)
Control* 0.00 + 0.00
FBW1_11/16 0.10 £ 0.04
FBW2_11/16 0.40 + 0.09
FWB3 0.03 £ 0.00
FWB4 0.09 + 0.00
FBW5 0.05 + 0.01
FBW6 0.44 +0.12
FBW7 0.03 £ 0.02
FBWS8 0.44 + 0.05
STWA 0.13 £ 0.12
STW2 0.35 £+ 0.05
STW3 0.10 + 0.10
STwW4 0.20 £ 0.07

*Control was unamended containing BBs at 2 M NaCl. Samples with very high corrosion
rates are bolded.

which are halophilic or halotolerant (Vreeland et al., 1980);
(Liang et al., 2016).

Most C-ring samples had a higher microbial diversity
(Shannon index of 2.3 to 3.6) than that of the 11/16 flow-
back water samples, (Tables 2, 3). At the phylum/class level the
microbial community compositions of the four C-ring storage
tank water samples indicated the presence high proportions of
Firmicutes, Deltaproteobacteria, Bacteroidetes, Thermotogae, and
Methanosarcinales (Figure S1). At the genus level these were
represented by Halanaerobium, Desulfovibrio, Anaerophaga,
Geotoga, and Methanohalophilus (Table 3).

Corrosivity of Field Samples

Corrosion rates of carbon steel BBs incubated with Duvernay
flow-back water samples received in November 2016, and storage
tank samples received in January 2017 are listed in Table 4.
BBs incubated with FBW6, FBW2_11/16 or FBW8 had high
corrosion rates of 0.40-0.44 mm/year (Table4). C-ring STW
samples had intermediate to high corrosion rates (Table 4: 0.10—-
0.35 mm/year). BBs incubated with STW2 had the highest
general corrosion rate of 0.35 £ 0.05 mm/year, followed by
those incubated with STW4 (0.20 & 0.07 mm/year). SEM images
of the BBs incubated with these two samples indicated pitting
corrosion of the steel surface (Figures 2H,LK,L, respectively).
BBs incubated with FWB4 or FBW1_11/16 had intermediate
corrosion rates of 009-0.10 mm/year (Table 4). BBs incubated
with FWB3, FBW5, or FBW7 had low corrosion rates of 0.03-
0.05 mm/year, which were only slightly higher than the control
rate of 0.00 mm/year (Table 4). SEM images of BBs incubated
with FBW5 (0.05 mm/year) showed a smooth surface similar to
that of the control with no significant damage (Figure 2). On
the contrary, BBs incubated with FBW2_11/16 and FBWS, which
had high corrosion rates showed significant corrosion damage
of the steel surface (Figure 2). Interestingly, numerous pits were
observed on the surface of BBs incubated with FBW2_11/16
(Figures 2C,F), but not on that of BBs incubated with FBW8
(Figures 2G,]J). The corrosion rates of BBs incubated with 11/16
flow-back water samples (Table4) did not correlate with the
fraction of the SRB Desulfovibrio in these samples (Table 3). Re-
incubation of 5 BBs with FBW6, which was either used directly
or was filtered using an 0.2 pum Millipore nylon membrane
(VWR International, Edmonton, AB) gave general corrosion
rates of 0.55 £ 0.06 and 0.57 %+ 0.02 mm/year, respectively
(data not shown). These results indicate that MIC may not be
a major contributor to the high corrosion rates observed for
some of these shale gas samples, chemical corrosion is more likely
(Sharma et al., 2017).

Methanogenesis With Methylated Amines
at High Salinity

To test whether halophilic methylotrophic methanogens in
shale samples can metabolize methylamines to methane and
ammonium Bakken shale oil samples were selected as inocula.
These samples had higher fractions of halophilic methanogens
than found in Duvernay shale gas field samples. Medium with
2M NaCl and 20 mM TMA were inoculated with 10% (v/v) of
field sample. This resulted in the production of 30-60 mM of
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methane and 20-25mM NH] in 3 of 7 tested field samples,
namely 10TW_11/13, 2PW_08/15, and 9FW_08/15 (Figure 3).
Microbial community analyses of these primary enrichments
showed a dominance of Methanohalophilus and Halanaerobium.
A high proportion of Sphingobacteriales was also detected
(Table S2).

The primary enrichments of Bakken 10TW_11/13,
2PW_08/15 and 9FW_08/15 in medium with TMA were
then used to inoculate CSBK medium with 2.5M NaCl and
one of the following 20 mM MA, 20 mM DMA, 20 mM TMA,
or 10mM GB. Secondary enrichments inoculated with the
TMA-enrichment of 10TW_11/13 showed methane formation

with MA, TMA, and GB, but not with DMA (Figure 4). The
increase in NHI concentrations in these enrichments from 1
to 35 days (Figure 4) was 9.6 mM for MA, 6.5 mM for DMA,
8.7mM for TMA, and 3mM for GB. Secondary enrichments
inoculated with the TMA-enrichment of 2PW_08/15 showed
methane formation with MA, DMA, and TMA, but not with
GB (Figure4). The increase in NH/ concentrations in these
enrichments from 1 to 35 days (Figure 4) was 17.9 mM for MA,
18.2mM for DMA, 15 mM for TMA, and 3.8 mM for GB. Lastly,
secondary enrichments inoculated with the TMA-enrichment of
9FW_08/15 showed methane formation with all four substrates
with the least methane being formed with GB (Figure 4). The

FIGURE 2 | Scanning electron microscope (SEM) images of BBs from incubations with the control (AD), FBWS5 (B,E), FBW2_11/16 (C,F), FBWS (G,J), STW2 (H,K),
and STW4 (L,L) at the end of incubation. Scales are indicated at the bottom of each image. The general corrosion rates observed in these incubations were
(A,D) 0.0 + 0.0, (B,E) 0.01 + 0.01, (C,F) 0.40 + 0.09, (G,J) 0.44 + 0.05, (H,K) 0.35 + 0.05, and (l,L) 0.20 £ 0.07 mm/year, respectively.
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FIGURE 3 | Bakken field samples inoculated in medium with 20 mM
trimethylamine at 2.0 M NaCl. Concentrations of ammonium in the medium
and methane in the headspace + SD (duplicates) are shown for day 0 and
day 60.

increase in NH] concentrations in these enrichments from 1
to 35 days (Figure 4) was 14.4 mM for MA, 14.4 mM for DMA,
9.5mM for TMA, and 2.8 mM for GB. Hence, the enrichments
with 10TW_11/13 were less active than those with 9FW_08/15
and 2PW_08/15 in both methane and ammonium production.
The average methane concentrations formed with MA, DMA,
TMA, and GB for all three samples were 49.7 £ 13.2mM, 32.5
+ 28.3mM, 41.3 £+ 28.0mM, and 12.5 £ 21.4mM (n = 6),
respectively. The average ammonium concentrations formed
with MA, DMA, TMA, and GB for all three samples were
18.1 £ 4.4, 13.0+ 6.4, 12.6 &+ 4.1, and 9.2 £ 0.9mM (n = 6),
respectively. Overall, methane and ammonium production
correlated positively with each other (r> = 0.82). The least
methane and ammonium were formed with GB.

Dominant taxa of all incubations were Methanohalophilus
and Halanaerobium (Table S§3). Interestingly, high proportions
of Sphingobacteriales were also detected in the enrichments
with the exception of 10TW_11/13 (Table S3). Members of
the Sphingobacteriales are involved with fermentation and
osmotic solute production (Krieg et al., 2009), which could
support the growth of Halanaerobium and Methanohalophilus in
these enrichments.

DISCUSSION

Waters produced from a Duvernay shale gas field had
high ammonium concentrations. These high ammonium
concentrations are of interest and have been reported in other
shale systems (Harkness et al., 2015). In produced waters from

a Bakken shale oil field the ammonium concentrations were
linearly correlated with salinity (An et al., 2017), suggesting that
the ammonium was contributed by the shale. However, in the
Duvernay shale gas samples studied here the higher ammonium
concentration in early, less saline flow-back waters suggests
a different origin of at least some of this ammonium. Early
and late flow-back waters converged in C-ring storage tanks,
which had an intermediate salinity of 1.5 Meq of NaCl, a pH
of 6.3, 0.64 mM sulfate, 0.15mM sulfide, 9.2 mM ammonium,
and 5.5mM acetate (Table1). The lower concentrations
of sulfate and elevated concentrations of hydrogen
sulfide, as compared to flow-back waters, indicated active
sulfate reduction.

The microbial community compositions of the four types of
samples reflected the water chemistry data. Source water samples
were dominated by freshwater microorganisms (Table S1), such
as Limnohabitans capable of growth in both oxic and anoxic
conditions with high sensitivity to acidity and salinity (Kasalicky
et al,, 2013). Early flow-back waters had Thermus as a dominant
community member, which is thermophilic (Mesbah and Wiegel,
2012), as well as Anoxybacillus, which is thermophilic and
anaerobic (Urbieta et al., 2015). However, early flow-back water
samples also had minor fractions of Flavobacterium, which is
often found in fresh water environments (Ahn et al., 2016) and
which was a dominant community member in the source waters
(Table S1). These changes indicated transition from an oxic fresh
water into a warmer, more anoxic reservoir environment.

Microbial communities in late flow-back waters lacked
fresh water taxa and had increased proportions of halophilic
and halotolerant taxa, including Halomonas, Desulfovibrio, and
Halanaerobium, reflecting the increased salinity of these waters
(Table 2). High fractions of the SRB Desulfovibrio (Table 2:
1.3-60%) indicated a potential for microbial formation of
H,S, referred to as souring (Voordouw et al, 1990; Finster
and Kjeldsen, 2010). This taxon was also observed in high
salinity shale oil samples (An et al., 2017). High fractions
of Halomonas indicate a potential of nitrate-mediated souring
control, as Halomonas reduces nitrate to nitrite, which is
a strong SRB inhibitor (Vreeland et al, 1980; An et al,
2017). Other taxa, such as Halanaerobium, Acetobacterium,
and Marinobacter, are capable of anaerobic, fermentative
metabolism at high salinity (Daly et al, 2016; Liang et al,
2016). Microbial community compositions in C-ring storage
facilities were also dominated by halophiles with high fractions
of Halanaerobium, Desulfovibrio, Anaerophaga, and Geotoga
(Table 3). Both STW1 and STW2 had high fractions of
Desulfuromonadales and Synergistaceae, whereas STW1 also
had a high fraction of Arcobacter (Table 3). These taxa may
act in oxygen-mediated sulfide oxidation and sulfur reduction,
which is expected in an air-exposed storage facility containing
aqueous sulfide. STW3 had high fractions of Orenia, whereas
Halomonas was present in high fractions in both STW2 and
STW4 (Table 3). These taxa are capable of fermentation and
iron-reduction (Denger et al.,, 2002; Feio et al., 2004; Greene
et al, 2009; Liang et al, 2016), reflective of the storage
tank conditions. STW3 and STW4 had higher fractions of
Desulfovibrio compared to STW1 and STW2, which may
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FIGURE 4 | Ammonium and methane production in secondary enrichments of field samples in medium with 20 mM of methylamine (MA), dimethylamine (DMA),
trimethylamine (TMA), or 10 mM of glycine betaine (GB) after 35 days of duplicate incubations (+ SD). Control incubations without inoculum are also shown and gave
no methane.

reflect the increased aqueous H,S concentration in these =~ FBW6 through an 0.2 pm filter had little effect on the corrosion
samples (Table 1). rate and that three separate measurements gave very similar
Overall, the microbial community compositions of the  results (0.44 £ 0.12 mm/year unfiltered, 0.55 & 0.06 mm/year
samples reflected the transition from fresh water (0M NaCl) unfiltered, and 0.57 £ 0.02 mm/year filtered) indicates chemical
to sea water (0.5M NaCl) to high salinity reservoir (2-3M  corrosion. Similar studies on the corrosivity of Duvernay shale
NaCl) properties, as has been described for other shale oil (An  gas samples from another field implicated the biocide used in the
et al., 2017) and shale gas reservoirs (Wuchter et al., 2013; Cluff ~ high corrosion rate of 1.25 mm/year observed for one out of 16
et al., 2014; Gaspar et al., 2014; Daly et al., 2016; Borton et al.,  samples (Sharma et al., 2017). In the present study we cannot
2018). The presence of high fractions of Desulfovibrio in late ~ comment on which chemical(s) may have been contributing to
flow-back waters and C-ring storage facility waters indicates  the observed high corrosion rates in some of the samples.
potential for souring and associated corrosion. However, the high Hydrogenotrophic and acetotrophic methanogens in oil fields
corrosion rates observed upon incubation of carbon steel BBs  are involved in the anaerobic metabolism of oil components
with some of the samples were not correlated with a particular ~ to methane and CO, (Grigoryan and Voordouw, 2008; Jones
community composition, i.e., communities in samples with high et al., 2008; Berdugo-Clavijo and Gieg, 2014), as well as in
corrosion rates were found in all of the three clades of Figure 1. corrosion of carbon steel (Enning and Garrelfs, 2014). However,
Hence, despite the demonstrated presence of taxa implicated in ~ methylotrophic methanogens may be major contributors to
corrosion including Halanaerobium (Ravot et al., 2006; Liang  biogenic methane formation in subsurface environments that are
etal,, 2016; Lipus et al., 2017), Desulfovibrio (Enning and Garrelfs,  rich in low-maturity kerogens (Strapoc et al., 2011) such as in
2014; Mand et al., 2014), and Acetobacterium (Ravot et al., 2006;  shale oil and shale gas reservoirs. Methylotrophic methanogens
Mand et al., 2014), MIC may be only a minor contributor to  such as Methanolobus, Methanosarcina, and Methanohalophilus
the observed corrosion. The observation that passage of sample  are often found in shale oil and shale gas fields (Michimaru et al.,
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2009; Strapoc et al.,, 2011; Cluft et al.,, 2014; Katayama et al,,
2014; Shimizu et al., 2015; Daly et al., 2016). Methanohalophilus
and Halanaerobium form a syntrophy in which GB, used
as an osmolyte by Methanohalophilus is metabolized by
Halanaerobium to trimethylamine, which is then metabolized by
Methanohalophilus to methane and ammonium (Daly et al., 2016;
Borton et al., 2018). Microbial communities in samples from the
Bakken shale oil field (An et al., 2017) had high proportions of
Halanaerobium and Methanohalophilus, which were also found
in many different shale gas formations (Mouser et al., 2016),
including in samples from the Duvernay formations studied here
(Tables 2, 3).

Several primary enrichments of methanogens using Bakken
field samples inoculated with 20mM TMA at 2.0 M NaCl
showed on average formation of 52 mM methane and 22.5 mM
ammonium (Figure 3). This agrees with the stoichiometry of
methylotrophic methanogenesis of TMA (Table $4). Microbial
community analyses of the primary TMA enrichments showed
high proportions of Methanohalophilus, which thrived in
the medium provided, and lower but still high fractions of
Halanaerobium, which may have fed on GB or other metabolites
produced by Methanohalophilus (Table S2) (Tsai et al., 1995;
Cayol et al., 2002; Oren, 2008). Secondary enrichments with
different methylated amines (MAs) or GB showed on average
higher production of methane and ammonium with the
MAs than with GB (Figure4). The microbial community
compositions of these secondary enrichments were again
dominated by Methanohalophilus and Halanaerobium for all
three of the samples tested (Table S4; Equations 1-3). Formation
of methane and ammonium from GB therefore likely involved
syntrophy of Halanaerobium and Methanohalophilus (Table S4,
Equations 3, 4; Daly et al., 2016; Borton et al., 2018). Interestingly,
members of the Sphingobacteriales can be closely associated with
Halanaerobium and Methanohalophilus, possibly involved in the
carbon cycle at extreme conditions though little are known about
the metabolic pathways involved (Wang et al., 2017).

Methylotrophic  methanogenesis can  only produce
ammonium concentrations of 10 to 30mM, as observed in
the Duvernay shale gas field samples (Table 1), if the MA and/or
GB substrates are present at such high concentrations (Figures 3,
4). However, the GB concentration in shale gas samples was
estimated to be only 8 WM (Borton et al., 2018), which is too
little. Instead, ammonium may have been contributed by the
shale formation. If MAs are present in flow-back waters or in
shale oil or gas, then these can be converted to methane and
ammonium by halophilic methylotrophic methanogens such
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