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Abstract

Hydraulic fracturing is used to increase the permeability of shale gas forma-

tions and involves pumping large volumes of fluids into these formations.

A portion of the frac fluid remains in the formation after the fracturing process

is complete, which could potentially contribute to deleterious microbially

induced processes in natural gas wells. Here, we report on the geochemical and

microbiological properties of frac and flowback waters from two newly drilled

natural gas wells in the Barnett Shale in North Central Texas. Most probable

number studies showed that biocide treatments did not kill all the bacteria in

the fracturing fluids. Pyrosequencing-based 16S rRNA diversity analyses indi-

cated that the microbial communities in the flowback waters were less diverse

and completely distinct from the communities in frac waters. These differences

in frac and flowback water communities appeared to reflect changes in the geo-

chemistry of fracturing fluids that occurred during the frac process. The flow-

back communities also appeared well adapted to survive biocide treatments

and the anoxic conditions and high temperatures encountered in the Barnett

Shale.

Introduction

Since the early 1970s, shale formations have become an

important source of natural gas in the United States

because of declines in gas production from conventional

high-permeability and high-porosity reservoirs (Kerr,

2010). Shale formations are extremely impermeable and

require stimulation to extract economic volumes of

natural gas (Arthur et al., 2009; Veil, 2010). Hydraulic

fracturing is used to stimulate natural gas production in

shale formations and involves pumping large volumes of

fracturing fluids (2–4 million gallons) into a predrilled

section of the shale (Arthur et al., 2009; Kerr, 2010; Veil,

2010). The fracturing fluids consist of a mixture of water

(90.6%), sand (8.95%), and several other chemicals

(0.45%), which are pumped into the formation at high

pressure (Arthur et al., 2009). The high-pressure flow of

these fluids creates small openings or fractures that

increase the permeability of the shale and allow gas to

flow to the wellbore (Arthur et al., 2009).

The Barnett Shale in North Central Texas (USA) is

currently one of the most active shale gas reservoirs in

the United States (Arthur et al., 2009). The gas in the

shale is entirely of thermogenic origin and was generated

during heating events that resulted in temperatures of up

to 150 °C (Montgomery et al., 2005). These temperatures

are much higher than the currently established tempera-

ture limit for life (122 °C) and likely sterilized the forma-

tion (Jones & Lineweaver, 2010). The temperature of the

Barnett Shale is currently between 65 and 82 °C, which
could support the growth of microorganisms, but the

nanodarcy permeabilities of this formation have likely

prevented its recolonization with microorganisms (Bowker,

2003, 2007; Loucks & Ruppel, 2007). Despite the thermo-

genic nature of the gas in the Barnett Shale, biogenic

sulfide production and microbially influenced corrosion

have been observed near the wellhead and in well

casing, well tubing, separators, water storage tanks, and

flowlines at numerous wells in this formation (Fichter

et al., 2008).
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One possible source of microorganisms in these wells is

the water that is used to prepare fracturing fluids (Fichter

et al., 2008). Frac water is obtained from wells and muni-

cipal water supplies, which contain low levels of bacterial

contamination (Fichter et al., 2008). The Frac water is

then stored in man-made ponds that are exposed to air,

rainfall, and runoff for prolonged periods of time prior to

the start of the fracturing process, which results in addi-

tional bacterial contamination (Fichter et al., 2008). Once

the fracturing process begins, frac water is pumped from

the pond to frac tanks where biocide is added to control

bacterial growth (Fig. 1). The frac water is then pumped

from the frac tank into a blender where sand and addi-

tional chemicals including polyacrylamide and sugar-based

polymers (Arthur et al., 2009), which could be utilized by

bacteria that survive biocide treatments, are added

(Fig. 1). The frac fluids are then injected into the shale

and exposed to anoxic conditions and high temperatures

for a period of time ranging from 24 h to several months.

During this time period, organic matter, chlorides, and

iron, which are present at high concentrations in shale,

leach into the frac fluids and impact any bacteria that sur-

vive biocide treatment (Blauch et al., 2009; Houston et al.,

2009). The frac fluids are then removed from the well by a

process referred to as flowback (Arthur et al., 2009),

which only recovers between 30% and 70% of the fractur-

ing fluids that were injected into the well (Veil, 2010).

In spite of the importance of hydraulic fracturing, very

little is known about the microbiological aspects of this

process. To gain a better understanding of how the frac-

turing process affects the microbial communities in frac

fluids, we examined the geochemical and microbiological

properties of fracturing and flowback fluids from two

newly drilled wells in the Barnett Shale in North Central

Texas. The goals of this work were to (i) compare the

number of heterotrophic bacteria, acid-producing bacte-

ria, and sulfate-reducing bacteria in frac and flowback

water samples using most probable number (MPN) dilu-

tions to assess the performance of biocide treatments at

these sites, (ii) compare the geochemistry of the fractur-

ing and flowback fluids at the two sites to assess the

impacts of the fracturing process on the geochemical

properties of the frac fluids, and (iii) compare the

microbial communities in fracturing and flowback fluids

to determine how factors such as biocide treatment,

changes in frac fluid geochemistry, and exposure of the

frac fluids to the anoxic conditions and high tempera-

tures encountered in the Barnett Shale affected the

microbial community structure in fracturing fluids. From

a practical standpoint, understanding how all these fac-

tors impact the microbial communities in frac fluids is

extremely important. The large volume of fracturing flu-

ids, which is left behind in the formation after the com-

pletion of the fracturing process, could contain

microorganisms that contribute to deleterious microbially

induced processes.

Materials and methods

Sample collection

Samples were collected from two newly drilled gas wells

in the Barnett Shale. The two sites that were sampled are

located in Denton (SM) and Wise (CT) counties in North

Central Texas. The frac ponds at the two study sites were

constructed specifically for the purpose of hydraulic frac-

turing. One frac pond water sample was collected at each

study site directly from the source pond (site A in

C"

A

B

C

D

A: Frac pond 
Sample of frac
pond water collected 
here.

B: Frac tank 
Frac pond water + biocide 
sample collected from the
frac tank manifold 

C: Blender
Sample of frac pond 
water that contained
biocide, sand, and all
other chemicals used during 
fracturing was collected at the blender 
discharge.

D: Gas/water separator
Sample of flowback water 
collected here during the
flowback process.

Fractured natural
gas well

Biocide 

Remaining frac chemicals

Sand 

Fig. 1. Overview of the fracturing process. The points where water samples were collected during the fracturing and flowback processes are

denoted by the letters A, B, C, and D. Brief descriptions of the contents of each water sample are also provided. The solid arrows denote the

flow of fracturing fluids through the system during the fracturing and flowback processes. Dashed lines denote the flow of biocides, sand, and

all other fracturing fluids into the system during the fracturing process.
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Fig. 1). A sample of biocide-treated frac pond water was

collected from each study site at the frac tank manifold

(site B in Fig. 1). One sample of frac pond water that

contained biocide, sand, and all the other chemicals,

which were pumped downhole during the fracturing pro-

cess, was collected from the blender discharge at each

study site (site C in Fig. 1). A sample of flowback water

was collected from the separator during the flowback pro-

cess at each study site (site D in Fig. 1). The amount of

time that passed between the end of the fracturing pro-

cess and flowback varied at the two study sites. Flowback

occurred 24 h after the fracturing process was completed

at the CT site and approximately 2 months after fractur-

ing was completed at the SM site. Enumeration studies

were conducted on all the water samples that were col-

lected at each study site, whereas microbial community

analyses were only performed with the frac pond water

(site A, Fig. 1) and flowback water samples (site D,

Fig. 1). All the water samples described earlier were col-

lected in 500-mL sterile polypropylene bottles that were

filled to capacity. The water samples were stored on ice

until they arrived at the laboratory. Upon arrival at the

laboratory, water samples that were used for microbial

enumerations and geochemical analyses were stored at 4 °
C and processed within 24 h. Water samples used for

DNA extractions and 16S rRNA amplifications were stored

at �20 °C and processed within 48 h.

Geochemical analyses

The pH, salinity, and concentration of total dissolved

solids (TDS) were measured using an ExStick II pH/Con-

ductivity meter (Extech Instruments, Waltam, MA). One

measurement of pH, salinity, and TDS was taken for each

frac pond and flowback water sample. Detection limits for

salinity and TDS were 0.1 mg L�1. Hach field test kits

(Hach Company, Loveland, CO) were used to obtain a sin-

gle measurement of the concentration of nitrate, nitrite,

ferrous iron, total iron, sulfate, and alkalinity in each frac

pond and flowback water sample. The detection limits for

these kits were 0.1, 0.2, 2, 2 and 5 mg L�1 for total iron,

nitrate, ferrous iron, nitrite, sulfate, and alkalinity, respec-

tively. Sulfide concentrations were measured in triplicate

using a previously described methylene blue assay, which

has a detection limit of 1 lg L�1 (Cline, 1969).

Microbial enumeration studies

The numbers of culturable aerobic heterotrophs, acid-pro-

ducing bacteria, and sulfate-reducing bacteria in all water

samples (Fig. 1) were enumerated using the MPN dilution

technique. All MPN enumerations were preformed in trip-

licate using 24-well microtiter plates by serially diluting

0.2 mL of each water sample in 1.8 mL of the appropriate

medium. The salt concentrations in all the media were

adjusted to match the salinity values that were observed in

each water sample that was collected from the two study

sites. Aerobic heterotrophs and acid-producing bacteria

were enumerated using R2A broth and phenol-red dextrose

broth, respectively (Himedia Laboratories, India). Sulfate-

reducing bacteria were enumerated using a previously

described basal medium that lacked rumen fluid (McIner-

ney et al., 1979) but was amended with lactate (50 mM),

sulfate (50 mM), and yeast extract (1 g L�1). Individual

wells in the MPN plates were scored positive if visible

growth (aerobic heterotrophs) or a red-to-yellow color

change (acid producers) was observed after an incubation

period of 48 h at 37 °C. The MPN medium for sulfate-

reducing bacteria was prepared using anaerobic techniques

(Balch & Wolfe, 1976), transferred into an anaerobic glove

bag (Coy Laboratory Products, Grassland, MI), and dis-

pensed into 24-well microtiter plates that had been placed

in the glove bag 48 h prior to media addition to remove

residual oxygen. Following inoculation, MPNs for sulfate

reducers were incubated for 7 days in a 37 °C incubator

that was located inside the anaerobic glove bag. After incu-

bation, 50 lL of a sterile 5% ferrous ammonium sulfate

stock solution was added to each well. Wells that turned

black following ferrous ammonium sulfate addition were

scored positive for the growth of sulfate-reducing bacteria.

DNA extractions, PCR amplification, and

pyrosequencing

Twenty milliliters of each frac pond and flowback water

sample was placed in 50-mL Falcon tubes and centrifuged

at 10 000 g for 20 min to separate the cells from the

water. The resulting cell pellet was resuspended in 978 lL
of sodium phosphate buffer. After the pellet was resus-

pended, DNA was extracted using the FastDNA spin kit

for soil (MP Biomedicals, Solon, OH). The extracted

DNA was quantified using the Quant-it dsDNA BR assay

kit and a Qubit fluorometer (Invitrogen Corporation,

Carlsbad, CA). The DNA was then used as a template in

PCRs that contained modified 338F and 518R bacterial

primers (Muyzer et al., 1993) as previously described

(Struchtemeyer et al., 2011). PCR was carried out using

50 lL reactions that consisted of 20 ng of template DNA,

2.5 mM MgSO4, 0.2 mM dNTPs, 1.5 U of GoTaq Flexi

DNA polymerase (Promega, Madison, WI), and 10 lM
of each of the forward and reverse primers. PCR cycling

conditions were carried out as follows: initial denatur-

ation at 94 °C for 5 min, 30 cycles consisting of denatur-

ation at 94 °C for 30 s, annealing at 54 °C for 30 s, and

extension at 72 °C for 1 min and a final extension at

72 °C for 7 min. All frac pond and flowback water
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samples were PCR amplified in quadruplicate. The result-

ing PCR products were column purified using the Invi-

trogen PureLink PCR Purification kit (Invitrogen

Corporation). The purified PCR products from our four

samples were pooled with purified products from 11

other samples in a 1.7-mL microcentrifuge tube to give a

total of 3–5 lg of DNA. These pooled PCR products were

sequenced at the University of South Carolina Engencore

Facility using Roche 454 FLX technology.

16S rRNA gene sequence analyses

The raw sequence data that were obtained were subjected

to several quality filtering steps as previously described

(Youssef et al., 2010). These sequences were then sorted

based on their barcode sequence using a Perl script.

Sequences with � 97% sequences similarity were grouped

into OTUs and classified as previously described (Youssef

et al., 2010). Basic diversity estimates including Ace and

Chao richness estimates, Shannon diversity indices, and

Good’s coverage estimates were calculated for each individ-

ual frac pond and flowback water sample using a 3% cutoff

in MOTHUR (Schloss et al., 2009). Abundance-based

Sørensen and Jaccard indices and the number of shared

OTUs were calculated for the two frac pond water samples,

the two flowback water samples, and each pair of frac and

flowback water samples from the two study sites using a

3% cutoff in MOTHUR (Schloss et al., 2009).

Results

Geochemistry of frac pond and flowback water

samples

Geochemical data for the frac pond and flowback water

samples are shown in Table 1. Frac pond water samples,

which originated from freshwater wells in the Trinity

Aquifer, contained lower concentrations of salt, TDS, and

total iron relative to the flowback water samples

(Table 1). The concentrations of salt, total iron, and TDS

were higher in flowback water from the SM site com-

pared with flowback water from the CT site (Table 1).

The pH of the frac pond water sample was higher than

the pH of the flowback water at each of the study sites

(Table 1). The levels of Fe (II), nitrate, nitrite, and sulfide

in frac pond water and flowback water samples were

below detection limits (Table 1).

Microbial enumerations from frac and

flowback samples

The number of aerobic heterotrophs, acid producers, and

sulfate reducers observed in water samples collected dur-

ing the fracturing and flowback processes (Fig. 1) is

shown in Table 2. The number of aerobic heterotrophs

and acid producers in frac pond water was significantly

higher (P < 0.05) at the SM site, relative to the CT site

(Table 1). However, sulfate-reducing bacteria were only

detected in frac water from the CT site (Table 1). The

addition of biocide at the SM site [tetrakishydroxymethyl-

phosphonium sulfate (THPS)] and the CT site [mixture

of glutaraldehyde, alkyldimethylbenzylammonium chlo-

ride (ADBAC), and alkyldimethylethylbenzylammonium

chloride (ADEAC)] to frac pond waters in the frac tanks

(Fig. 1, site B) resulted in a significant (P < 0.05) and

immediate decline in the number of viable bacteria that

were present in frac tank manifold samples at both sites

(Table 2). MPN analysis of the blender discharge samples

(Fig. 1, site C) indicated that additional biocide contact

time, which occurred from the time the frac fluids were

first treated with biocide in the frac tanks (Fig. 1, site B)

until the time these fluids reached the blender (approxi-

mately 30 min), resulted in further reductions in the

number of viable bacteria at the CT site (Table 2). At the

SM site, the number of acid producers and sulfate reduc-

ers was still below detection limits after the 30 min of

additional biocide contact time. However, higher num-

bers of aerobic heterotrophs were observed in the blender

discharge sample (Fig. 1, site C) relative to the frac tank

manifold sample (Fig. 1, site B) at this site. After the

fracturing fluids passed through the blender, they were

injected into the Barnett Shale. The fracturing fluids were

exposed to the Barnett Shale and biocide until the start of

the flowback process, which occurred 24 h after frac fluid

injection at the CT site and approximately 2 months after

frac fluid injection at the SM site. Despite the additional

biocide contact time, higher numbers of aerobic hetero-

trophs were observed in the flowback water sample

Table 1. Geochemistry of the frac pond water and flowback water

samples from the CT and SM sites

Test CT frac CT flowback SM frac SM flowback

Fe2+ BDL* BDL BDL BDL

Total iron (mg L�1) BDL 16 0.2 45

SO4 (mg L�1) 66 57 37 77

H2S BDL BDL BDL BDL

NO3 BDL BDL BDL BDL

NO2 BDL BDL BDL BDL

TDS (mg L�1) 641 2240 643 3730

pH 8.55 7.2 7.4 6.74

Salinity (mg L�1) 458 2440 498 2690

Alkalinity (mg L�1) 260 > 400 280 360

BDL, below detection limit.

*Detection limits: Fe2+, 0.2 mg L�1; total iron, 0.1 mg L�1; SO4,

2 mg L�1; H2S, 1 mg L�1; NO3, 0.2 mg L�1; NO2, 2 mg L�1; TDS,

0.1 mg L�1; salinity, 0.1 mg L�1; alkalinity, 5 mg L�1.
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(Fig. 1, site D) compared with the blender discharge sam-

ple (Fig. 1, site C) at the CT site. At the SM site, aerobic

heterotrophs were still detectable in the flowback water

sample (Fig. 1, site D) following the additional biocide

contact time and the number of acid producers was

higher in flowback water (Fig. 1, site D) compared with

water from the blender discharge (Fig. 1, site C).

Sequencing statistics and diversity estimates

from frac and flowback water samples

The microbial communities in frac pond (Fig. 1, site A)

and flowback (Fig. 1, site D) water samples from the

SM and CT sites were analyzed using 16S rRNA gene-

based surveys. A total of 19 163 16S rRNA gene

sequences were obtained from the frac pond and flow-

back water samples. After implementation of the quality

control criteria, only 15 460 of these 16S rRNA gene

sequences (81%) were considered of high quality and

retained for further analysis. Details on the number of

sequences and OTUs from each site, as well as estimates

of richness, evenness, and total diversity, are shown in

Table 3. Diversity estimates at a putative species level

(OTU0.03) revealed that flowback waters were less diverse

than frac waters (Table 3). ß-Diversity estimates showed

that the fracturing process resulted in drastic changes in

the frac fluid communities at both study sites (Table 4).

Before the fracturing process was started, the two frac

pond water samples exhibited a high degree of similarity

at a putative species level (OTU0.03). Sequences from

shared OTUs accounted for 41% of the total sequences

obtained from the two frac pond water samples

(Table 4). The abundance-based Sørenson and Jaccard

indices for the two frac pond water samples were 0.51

and 0.35, respectively (Table 4). Similar comparisons of

the two flowback water samples indicated that sequences

from shared OTUs only accounted for 14% of the total

sequences obtained from the two flowback water sam-

ples (Table 4). The abundance-based Sørenson and Jac-

card indices for the two flowback water samples were

0.17 and 0.09, respectively, which was much lower than

the values observed for the frac pond water samples

(Table 4). Pairwise comparisons of the frac pond and

flowback water samples from each study site showed

that frac pond and flowback water samples were almost

completely distinct from one another and had very low

sequence similarities, Sørenson indices, and Jaccard indi-

ces (Table 4).

Phylogenetic analysis of frac pond and

flowback water bacterial communities

Pyrosequencing surveys of 16S rRNA genes showed that

the frac pond water samples were highly diverse in nature

(Fig. 2a, b, e and f). The microbial community in SM

frac pond water consisted primarily of Actinobacteria,

Bacteroidetes, Alphaproteobacteria, Betaproteobacteria, and

Gammaproteobacteria, which accounted for 92% of the

total community (Fig. 2e). These five phyla/classes were

also present at high abundance in CT frac pond water

(Fig. 2a), which also contained large fractions of

sequences that were affiliated with Firmicutes and Cyano-

bacteria (Fig. 2a). The sequences affiliated with these

seven phyla/classes accounted for 96% of the total com-

munity in the CT frac pond sample (Fig. 2a). Several

phyla and candidate phyla were detected in the two frac

pond water samples, which accounted for < 1% of the

total population (Fig. 2b and f). Sequences, which were

unclassifiable using the criteria that were used to classify

16S rRNA gene sequences, accounted for 1.5% and 1.8%

of the total sequences in the CT and SM frac pond water

samples, respectively (Fig. 2a and e).

Table 2. MPN of aerobic heterotrophs, acid-producing bacteria, and sulfate-reducing bacteria in frac pond, frac tank manifold, blender

discharge, and flowback samples

Site

MPN mL�1 of water (95% confidence limits)*

Aerobic heterotrophs Acid-producing bacteria Sulfate-reducing bacteria

(A) CT frac pond† 4.6 9 102 (2.2–9.7) 2.4 9 102 (0.6–9.9) 4.3 9 102 (1.6–11.4)

(B) CT frac tank manifold 1.5 9 101 (0.5–4.6) 9.2 9 100 (2.3–36.7) BDL‡

(C) CT blender discharge BDL BDL BDL

(D) CT flowback water 1.1 9 101 (0.4–3.5) BDL BDL

(A) SM frac pond 1.1 9 105 (0.4–3.5) 1.5 9 101 (0.5–4.6) BDL

(B) SM frac tank manifold 2.1 9 103 (0.8–5.6) BDL BDL

(C) SM blender discharge 2.1 9 104 (0.8–5.6) BDL BDL

(D) SM flowback water 1.1 9 102 (0.4–3.5) 1.1 9 102 (0.4–3.5) BDL

*95% confidence intervals are expressed with the same exponent as the MPN values.
†Letters in parenthesis refer to the location that each sample was taken from in Fig. 1.
‡BDL, below detection limit of the MPN method (Byrd & Colwell, 1990).
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Mixing of the frac pond waters with the chemicals and

sand used to make the final fracturing fluid, the injection

of this frac fluid into the Barnett Shale, and the resident

time in the formation prior to the start of the flowback

process resulted in flowback water communities that had

a drastically lower phylum-level diversity compared with

frac pond water samples (Fig. 2). The majority of the

sequences in the CT flowback water sample were affiliated

with Firmicutes (75%) and Gammaproteobacteria (13%)

(Fig. 2c). At the SM site, nearly all the flowback

sequences (98%) were affiliated with Firmicutes (Fig. 2g).

Sequences that were affiliated with sulfur- and/or thiosul-

fate-reducing bacteria were also present at low abundance

in flowback water from the two study sites. Below, we

present a more detailed description of the bacterial 16S

rRNA gene sequences that were affiliated with these

groups in flowback water samples from the CT and SM

sites.

CT flowback water community

Sequences affiliated with the phylum Firmicutes

accounted for 75% and 30% of the total population in

CT flowback water and CT frac pond water, respec-

tively. The population of Firmicutes in the CT flowback

water consisted of sequences from 10 families within

the classes Bacilli and Clostridia (Table 5). Sequences

that were affiliated with either facultative anaerobes or

obligate anaerobes from families Bacillaceae, Paenibacill-

aceae, Clostridiaceae, Lachnospiraceae, Peptococcaceae,

Peptostreptococcaceae, and Halanaerobiaceae were present

at higher abundance in CT flowback water compared

with CT frac pond water (Table 5) and accounted for

59% of the Firmicutes sequences in the CT flowback

water sample. Sequences affiliated with the family Pla-

nococcaceae were also present at higher abundance in

CT flowback water compared with CT frac pond water

and accounted for 40% the Firmicutes sequences in the

CT flowback water sample (Table 5). The population of

Firmicutes in the CT flowback water was very distinct

from the population of Firmicutes in CT flowback

water, which consisted primarily of sequences that were

affiliated with Bacillales Family XII Incertae Sedis and

Planococcacae (Table 5).

The sequences that were affiliated with Gammaproteo-

bacteria in CT flowback water were primarily affiliated

with the genera Pseudomonas and Marinobacter, which

accounted for 50% and 27% of the sequences that were

affiliated with Gammaproteobacteria, respectively, in the

CT flowback water sample. This community was very dis-

tinct from the population of Gammaproteobacteria in frac

pond water from the CT site. The population of Gamma-

proteobacteria in frac pond water from the CT site con-

sisted primarily of sequences that were affiliated with

obligate aerobes from the families Moraxellaceae (75%)

and Sinobacteraceae (10%) (Rossau et al., 1991; Zhou

et al., 2008), but contained only a small percentage of

sequences (2%) that were affiliated with the genus Pseu-

domonas and no sequences that were affiliated with the

genus Marinobacter. Sequences affiliated with the phylum

Synergistetes were only detected in the CT flowback water

(Fig. 2d) and were all closely related (97% similar) to

Table 3. Diversity estimates from frac pond waters and flowback water samples

Number of sequences OTU0.03 Chao ACE Shannon–Weaver Coverage

Frac pond

CT 6107 1153 1982 2484 6.10 0.91

SM 5618 1045 1634 1938 6.12 0.92

Flowback sample

CT 700 267 694 1042 5.02 0.77

SM 3007 214 395 558 3.83 0.97

Table 4. Pairwise comparisons of abundance-based Sørensen and Jaccard indices and shared OTUs in frac pond water samples and flowback

water samples*

Pair of samples compared

Abundance-based Sø

rensen index for pair

of samples

Abundance-based Jaccard

index for pair of samples

Number of OTUs0.03 shared

by each pair of samples

Percentage of sequences

in shared OTUs

CTfracpond–SMfracpond 0.51 0.35 251 41

CTflowback–SMflowback 0.17 0.09 50 14

CTfracpond–CTflowback 0.003 0.001 8 1.2

SMfracpond–SMflowback 0 0 0 0

*Abundance-based Sørensen and Jaccard indices and the number of shared OTUs were calculated using a species-level cutoff (3%) in MOTHUR.
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sulfur- and thiosulfate-reducing bacteria from the genus

Dethiosulfovibrio (Magot et al., 1997).

SM flowback water community

The changes in the population of Firmicutes that occurred

at the SM site were much more drastic than the changes

observed at the CT site. The SM frac pond water con-

tained a small percentage of Firmicutes sequences (1.3%),

relative to the microbial community in SM flowback

water, which consisted almost entirely (98%) of Firmi-

cutes sequences. (Fig. 2g). The population of Firmicutes in

the SM flowback water consisted primarily of sequences

that were affiliated with the family Bacillaceae (accounted

for 96% of the Firmicutes sequences, Table 6). Nearly all

the sequences that were affiliated with the Bacillaceae

(99.4%) showed varying degrees of sequence similarity

(90–99%) to Bacillus selenatarsenatis. A small percentage

(0.03%) of the remaining Bacillaceae-affiliated sequences

were closely related (97–98% similar) to Bacillus halodu-

rans.

The remaining Firmicutes sequences in SM flowback

water were affiliated with the families Clostridiaceae, Pla-

nococcoaceae, Peptostreptococcaceae, and Halanaerobiaceae

(Table 6). Sequences affiliated with the phyla Synergistetes

and Thermotogae were only detected in the SM flowback

water (Fig. 2). Sequences affiliated with the phylum Syn-

ergistetes were all closely related (97–98% similar) to

Thermovirga lienii, which reduces sulfur and thiosulfate to

sulfide (Dahle & Birkeland, 2006). Two-thirds of the

sequences, which were affiliated with Thermotogae in SM

flowback water, were closely related to (97–98% similar)
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Fig. 2. Affiliation and relative abundance of

16S rRNA sequences in frac pond water

(black) and flowback water samples (gray) that

accounted for (a) > 1% of the CT frac pond

water population, (b) < 1% of the CT frac

pond water population, (c) > 1% of the CT

flowback water population, (d) < 1% of the

CT flowback water population, (e) > 1% of

the SM frac pond water population, (f) < 1%

of the SM frac pond water population, (g)

> 1% of the SM flowback water population,

or (h) < 1% of the SM flowback water

population.
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Petrotoga halophila, which reduces sulfur to sulfide

(Miranda-Tello et al., 2007). The remaining Thermotogae

sequences were closely related (97% similar) to Thermotoga

petrophila, which reduces both sulfate and thiosulfate to

sulfide (Takahata et al., 2001).

Discussion

In this study, we compared the geochemical and microbi-

ological properties of fracturing fluids during their prepa-

ration and after hydraulic fracturing was completed at

two natural gas wells in the Barnett Shale to assess: 1) the

impacts of the fracturing process on frac fluid geochemis-

try, 2) the performance of biocide treatments at these two

sites, and 3) how factors such as biocide treatment,

changes in frac fluid geochemistry, and exposure of the

frac fluids to the anoxic and thermophilic conditions

encountered in the Barnett Shale affected the microbial

community structure in fracturing fluids.

Changes in frac fluid geochemistry during the

hydraulic fracturing process

The results of geochemical analyses showed that flowback

water samples from the two study sites had lower pH val-

ues than frac pond water samples at the two study sites

(Table 1). The flowback water samples also had much

higher concentrations of salt, iron, and TDS compared

with frac pond water samples from the two study sites

(Table 1). The higher concentrations of salt, iron, and

TDS in flowback waters are likely attributable to water-

soluble materials that leached from shale into the frac flu-

ids when the fracturing fluids made direct contact with

shale (Blauch et al., 2009). The concentrations of salt,

iron, and TDS were higher in flowback water from the

SM site, relative to flowback water from the CT site

(Table 1). This observation likely reflects the longer con-

tact time that the fracturing fluids had with shale at the

SM site (2 months) compared with the CT site (24 h).

Table 6. Affiliation of Firmicutes sequences detected in frac and flowback waters from the SM site

Percentage of total sequences

in frac pond water

Percentage of total

sequences in flowback water

Percentage of

Firmicutes sequences

in frac pond water

Percentage of Firmicutes

sequences in flowback water

Bacillaceae 0.36 94.15 26.7 95.8

Paenibacillaceae 0.16 0.07 12.0 0.1

Planococcaceae 0.02 0.33 1.3 0.3

Clostridiaceae 0.44 2.73 33.3 2.8

Lachnospiraceae 0.16 0.20 12.0 0.2

Peptococcaceae 0 0.07 0 0.1

Peptostreptococcaceae 0 0.07 0 0.1

Ruminococcaceae 0.07 0 5.3 0

Unclassified Clostridiales 0.05 0.47 4.0 0.5

Halanaerobiaceae 0 0.2 0 0.2

Thermoanaerobacteraceae 0.07 0 5.3 0

Table 5. Affiliation of Firmicutes sequences detected in frac and flowback waters from the CT site

Percentage of

total sequences

in Frac pond water

Percentage of

total sequences

in flowback water

Percentage of

total Firmicutes sequences

in frac pond water

Percentage of total Firmicutes

sequences in flowback water

Bacillaceae 0.26 24.14 0.9 32.3

Bacillales Family XII. Incertae Sedis 20.04 0.14 66 0.2

Paenibacillaceae 0.05 4 0.2 5.3

Planococcaceae 9.53 30 31.4 40.0

Staphylococcaceae 0.08 0.14 0.3 0.2

Carnobacteriaceae 0.05 0 0.2 0

Clostridiaceae 0.18 1.57 0.6 1.9

Lachnospiraceae 0.07 7.14 0.2 9.5

Peptococcaceae 0.03 0.29 0.1 0.4

Peptostreptococcaceae 0 1 0 1.3

Ruminococcaceae 0.03 0 0.1 0

Unclassified Clostridiales 0.02 0.29 0.1 0.6

Halanaerobiaceae 0.02 6.14 0.1 8.3
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Assessment of biocide performance at the CT

and SM sites

The observation of viable bacteria in flowback water sam-

ples from both study sites (Table 2) indicates that the bio-

cide treatments did not completely kill all the bacteria that

were present in the frac fluids at either study site. The

THPS biocide that was used to control bacterial growth in

fracturing fluids at the SM site cleaves the disulfide bond

of cystine residues in bacterial cell walls, which ultimately

leads to cell death (McIlwaine, 2005). The biocide that was

used to treat fracturing fluids from the CT site consisted

of a mixture of glutaraldehyde and two quaternary ammo-

nium compounds (ADBAC and ADEAC). Glutaraldehyde

reacts with amino groups in the bacterial cell wall and pre-

vents the transport of essential nutrients, which leads to

the death of bacterial cells (Gorman et al., 1980; Russell,

1994). The presence of quaternary ammonium compounds

makes it easier for glutaraldehyde to penetrate the bacterial

cell wall, which results in enhanced biocidal activity

(McIlwaine, 2005). The synergistic effects observed when

glutaraldehyde is mixed with quaternary ammonium com-

pounds may explain why lower numbers of viable bacteria

were detected in flowback water at the CT site, compared

with flowback water from the SM site (Table 2). The lower

numbers of viable bacteria detected in flowback water

from the CT site could also be due to the fact that: (A) the

natural gas well at the CT site was fractured in December

and had much lower numbers of viable bacteria in the

source pond water compared with the SM site (Table 2),

which was fractured in July and (B) flowback occurred

24 h after fracturing at the CT site, which provided a lim-

ited amount of time for the growth and proliferation of

any bacteria that survived biocide treatment, compared

with the 2 months that passed between the fracturing and

flowback processes at the SM site.

Microbial community changes associated with

the hydraulic fracturing process

The microbial communities in the two frac pond water

samples exhibited a high degree of similarity based on

comparisons of shared OTUs and ß-diversity estimates at

a species-level cutoff (Table 4). This similarity is likely

due to the fact that both of the frac pond samples origi-

nated from water wells in the Trinity Aquifer. The

hydraulic fracturing process resulted in flowback water

communities that were completely distinct from their

respective frac pond water samples (Table 4). The flow-

back water communities at the two study sites were also

quite different from one another (Table 4), which is

probably a reflection of the different biocides used at each

site and the different time intervals between fracturing

and flowback at the two sites (CT 24 h, SM 2 months).

Prior to the start of the fracturing process, diverse bacte-

rial phyla were detected in the frac pond water samples

(Fig. 2) that collectively resembled the microbial commu-

nities in other aerobic freshwater ecosystems (Zwart et al.,

2002; Wu et al., 2007). Although it was impossible to

determine which microorganisms in the 16S rRNA

pyrosequencing libraries from the flowback water samples

were viable or nonviable, the microbial communities in

flowback waters appeared to reflect changes that could

have occurred as a result of the fracturing process.

The majority of the Firmicutes sequences that were

detected in flowback water from the two study sites

(Tables 5 and 6) were affiliated with facultative anaerobes

or obligate anaerobes from the families Bacillaceae, Paeni-

bacillaceae, Clostridiaceae, Lachnospiraceae, Peptococcaceae,

Peptostreptococcaceae, and Halanaerobiaceae (Rogosa,

1971; Priest et al., 1988; Oren, 2002; Velazquez et al.,

2004; Cotta & Forster, 2006; Wiegel et al., 2006; Ezaki,

2009). Sequences affiliated with the Planococcaceae were

detected in frac and flowback water samples from both

study sites, but the frac and flowback populations were

very distinct. The flowback water samples from the SM

and CT sites contained sequences that were affiliated with

facultative anaerobes from the genus Lysinibacillus, which

accounted for 50% and 40% of the total Planococcaceae

sequences in these two samples, respectively. These

sequences were not observed in frac pond water samples,

which only contained sequences that were affiliated with

obligate aerobes from the genera Planococcus, Planomicro-

bium, and Paenisporosarcina (Yoon et al., 2003; Dai et al.,

2005; Krishnamurthi et al., 2009). The majority of the

Gammaproteobacteria sequences that were observed in the

CT flowback water were affiliated with the genera Pseudo-

monas and Marinobacter, which contains species that are

capable of anaerobic growth (Galimand et al., 1991;

Antunes et al., 2007). Sequences that were affiliated with

strict anaerobes from the genera Dethiosulfovibrio, Ther-

movirga, Thermotoga, and Petrotoga were only observed in

the flowback water samples (Magot et al., 1997; Takahata

et al., 2001; Dahle & Birkeland, 2006; Miranda-Tello

et al., 2007). The higher numbers of sequences that were

affiliated with facultative anaerobes and obligate anaer-

obes in flowback waters from the two study sites could be

attributable to the anoxic conditions that are present in

the Barnett Shale (Loucks & Ruppel, 2007).

Many of the Firmicutes sequences that were observed

in flowback waters from the two study sites were affiliated

with the families Bacillaceae, Clostridiaceae, Paenibacilla-

ceae, Peptococcaceae, and Peptostreptococcaceae, which con-

tain spore-forming genera (Rogosa, 1971; Priest et al.,

1988; Velazquez et al., 2004; Wiegel et al., 2006; Ezaki,

2009). Sequences that were affiliated with the genus
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Lysinibacillus are also capable of producing spores (Pobe-

heim et al., 2010) and were only detected in flowback

water from the two study sites. The increase in the num-

ber of sequences that were affiliated with spore-forming

bacteria in flowback waters from the two study sites

could have occurred as a result of the addition of biocide

to frac pond waters, because spore-forming bacteria are

known to be highly resistant to biocides (Russell, 1995).

Many species of Pseudomonas, which were detected in

higher abundance in CT flowback water relative to CT

frac pond water, are also resistant to many commercially

available biocides (Russell, 1995).

The increase in the number of sequences that were

affiliated with spore-forming bacteria in flowback water

from the two study sites could also have occurred because

of the elevated temperatures (65–82 °C) the fracturing

fluids were exposed to in the Barnett Shale (Rodgerson

et al., 2005; Bowker, 2007). The observation of sequences

that were affiliated with non-spore-forming thermophiles

from the genera Thermovirga, Thermotoga, and Petrotoga

(Takahata et al., 2001; Dahle & Birkeland, 2006; Mir-

anda-Tello et al., 2007) in SM flowback water, but not in

SM frac water, also suggests that the temperatures in the

Barnett Shale may have had an impact on the microbial

communities in fracturing fluids. The exact origin of

these thermophiles is unclear, because they were not

detected in the frac pond pyrosequencing libraries. It is

unlikely that these thermophiles were indigenous to the

Barnett Shale as the temperatures (120–150 °C) that gen-

erated natural gas likely sterilized the formation (Mont-

gomery et al., 2005) and the nanodarcy permeabilities of

this formation likely prevented its recolonization with

microorganisms (Bowker, 2003; Bowker, 2007; Loucks &

Ruppel, 2007; Rodgerson et al., 2005). The temperature

of the water in wells from the Trinity Aquifer, which was

the source of frac pond water at both sites, ranges from

approximately 17–21 °C (Reutter & Dunn, 2000), which

should not be favorable for thermophilic microorganisms.

However, thermophiles have been observed in a variety of

ecosystems, including Artic sediments, which should

not support their metabolic activity (Hubert et al., 2009;

Marchant et al., 2011). Thus, it is conceivable that

thermophiles were present in the frac pond water, but

were simply not detectable due to the fact that they were

present at extremely low numbers. Thermophiles have

been observed in the mud that is used to drill Barnett

Shale natural gas wells (Struchtemeyer et al., 2011).

Therefore, it is possible that these thermophiles are sim-

ply mud contaminants that were brought back to the sur-

face during the flowback process.

An increase in the number of sequences that were affil-

iated with halophilic bacteria was observed in flowback

water samples, relative to frac pond water samples, at

both study sites. The observation of higher numbers of

halophilic sequences in flowback water samples was likely

attributable to the higher concentrations of salt in flow-

back water, relative to frac pond water, at the two study

sites (Table 1). Sequences affiliated with halophiles from

the family Halanaerobiaceae (Oren, 2002) were more

abundant in the flowback water samples than frac pond

water samples at both study sites (Tables 5 and 6).

Sequences that were affiliated with halophiles from the

genera Marinobacter and Dethiosulfovibrio (Magot et al.,

1997; Antunes et al., 2007) were observed in flowback

water, but not in frac pond water at the CT site.

Sequences that were affiliated with the genus Halobacillus

also accounted for a small portion (0.6%) of the Bacilla-

ceae sequences in the CT flowback water sample. At the

SM site, sequences affiliated the genera Thermovirga, Pet-

rotoga, and Thermotoga were closely related to microor-

ganisms that were halophilic or required salt for growth

(Takahata et al., 2001; Dahle & Birkeland, 2006; Mir-

anda-Tello et al., 2007). Sequences that were closely

related (97–98% similar) to B. halodurans (Takami &

Horikoshi, 1999) accounted for a small percentage

(0.03%) of the Bacillaceae sequences in flowback water

from the SM site.

Several groups of sulfide-producing bacteria were

detected in the flowback water that could conceivably con-

tribute to the incidences of biogenic sulfide production

and microbiologically influenced corrosion that have been

reported in Barnett Shale natural gas wells (Fichter et al.,

2008). Sequences that were closely related (96–98% simi-

lar) to sulfate-reducing bacteria from the genera Desulfos-

porsinus and Desulfotomaculum (Widdel & Pfennig, 1977;

Robertson et al., 2001) were only detected in flowback

water at the CT site and SM site, respectively, and

accounted for all the Peptococcaceae sequences that were

detected in these two flowback water samples. The obser-

vation of sequences that were affiliated with sulfate-reduc-

ing bacteria in both of the flowback water samples was

surprising because sulfate-reducing bacteria were not

detected in MPN dilutions that were set up using these

flowback water samples (Table 2). The inability to detect

sulfate-reducing bacteria in MPN dilutions may have been

due to the fact that these microorganisms were no longer

viable in flowback water owing to biocide treatments. It is

also possible that sulfate-reducing bacteria in the flowback

samples were still viable, but were unculturable in the

MPN plates as a result of severe damage or stress that was

caused by biocide treatments (Leriche & Carpentier, 1995;

Peneau et al., 2007). Sequences that were affiliated with

thiosulfate- and sulfur-reducing bacteria from the genera,

Dethiosulfovibrio, Thermotoga, Petrogota, and Thermovirga

(Magot et al., 1997; Takahata et al., 2001; Dahle & Birke-

land, 2006; Miranda-Tello et al., 2007), were also observed

ª 2011 Federation of European Microbiological Societies FEMS Microbiol Ecol 81 (2012) 13–25
Published by Blackwell Publishing Ltd. All rights reserved

22 C.G. Struchtemeyer & M.S. Elshahed

 by guest on D
ecem

ber 25, 2016
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 

http://femsec.oxfordjournals.org/


in flowback water from the two study sites. However, it is

unclear whether these microorganisms were viable in flow-

back water, because the media used for MPN enumera-

tions did not contain sulfur or thiosulfate. It is also

possible that methanogens and sulfide-producing Archaea,

which were not monitored in this study, but have been

observed frequently in other corroded oil and natural gas

facilities (Zhu et al., 2003; Duncan et al., 2009; Larsen

et al., 2010), could contribute to incidences of sulfidogen-

esis and microbiologically influenced corrosion in Barnett

Shale natural gas wells.

Conclusions

The results of this work represent one of the first detailed

characterizations of the microbial communities associated

with hydraulic fracturing fluids. These results showed that

(A) biocide treatments do not completely kill all the bacte-

ria in frac fluids and (B) the microbial communities that

were observed in frac fluids upon completion of the frac-

turing process appeared to be adapted to survive biocide

treatments and the conditions encountered in the Barnett

Shale. These findings are relevant since frac fluids and shale

contain compounds that will likely support the growth of

any bacteria that survive biocide treatments and the condi-

tions encountered in the Barnett Shale (Krumholz et al.,

1997; Arthur et al., 2009). However, it was impossible to

determine which microorganisms in the pyrosequencing

libraries from flowback samples were viable or nonviable.

Therefore, additional work is needed to gain a better under-

standing of the following: (i) the populations of microor-

ganisms that survive or are killed by biocide treatments and

the conditions encountered in shale, (ii) which components

in fracturing fluids stimulate the growth of bacteria, and

(iii) what impacts biocide choice, biocide dosage, biocide

contact time, and the amount of time that passes between

fracturing have on bacterial growth in fracturing fluids.

These types of studies will provide a more complete under-

standing of the microbial aspects of hydraulic fracturing

and will ultimately allow for better control of the deleteri-

ous microbiologically induced processes in natural gas wells

that are located in shale formations.
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