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Compositional Analysis of Formation Water Geochemistry
and Microbiology of Commercial and Carbon Dioxide-Rich
Wells in the Southwestern United States

By Jenna L. Shelton, Robert S. Andrews, Denise M. Akob, Christina A. DeVera, Adam C. Mumford,

Mark Engle, Michelle R. Plampin, and Sean T. Brennan

Abstract

Studies of naturally occurring subsurface carbon diox-
ide (CO,) accumulations can provide useful information for
potential CO, injection projects; however, the microbial com-
munities and formation water geochemistry of most reservoirs
are understudied. Formation water and microbial biomass
were sampled at four CO,-rich reservoir sites: two within
Bravo Dome, a commercial CO, field in New Mexico; one
northwest of Bravo Dome in Colorado (Oakdale Field); and
one southwest of Bravo Dome in New Mexico (Rafter “K”
Ranch). Aside from the Rafter “K” Ranch site, minor differ-
ences were observed in the geochemistry of formation water
collected from these sites compared to historical data. No
organisms were significantly associated with Oakdale Field
compared to the other three sites, nor were any hydrogeo-
chemical or gas geochemical parameters (for example, CO,
concentration) found to have significant associations with the
microbial ecology of these four sites. Microorganisms from
these sites were metabolically diverse and had the potential to
(1) generate methane, (2) produce corrosive hydrogen sulfide
(H»S), and (3) rapidly biofoul and (or) clog pore spaces by
shifting microbial communities with changes in salinity or
nutrient supply. This study demonstrates that high concentra-
tions of CO, in subsurface reservoirs apparently have not
imparted a distinct geochemical or microbiological signature
on the associated formation waters and that the microorgan-
isms in these reservoirs are metabolically diverse and could
adapt to geochemical changes in the subsurface.

Introduction

Geologic carbon sequestration, where carbon dioxide
(CO,) is injected into subsurface formations and retained in
porous strata beneath a seal unit, is one method proposed to
mitigate rising atmospheric CO, concentrations and associ-
ated climate change. The first commercial geologic CO,
sequestration project was initiated in 1996 when the Sleipner

CO, Storage Facility offshore Norway was brought online.
Currently, there are no long-term (more than 100 years) CO,
sequestration studies, but analogues such as naturally occur-
ring CO,-rich reservoirs can be studied to examine the bio-
geochemical processes that may occur during long-term CO,
storage (for example, Ballentine and others, 2001; Haszeldine
and others, 2005; Gilfillan and others, 2009; Sathaye and oth-
ers, 2014). Many naturally occurring CO,-rich reservoirs exist
across the United States (for example, Allis and others, 2001;
Stevens and others, 2001; Stevens, 2005) and have been stud-
ied to determine the sources of the emplaced CO, (by using
stable and noble gas isotopes) and CO, storage mechanisms
(for example, Gilfillan and others, 2008; Crossey and others,
2009; Zhou and others, 2012; Craddock and others, 2017). To
date, only one study has reported on microbial communities
from commercial CO, reservoirs (Freedman and others, 2017).
The current study is part of a larger study by the U.S.
Geological Survey (USGS) to examine natural CO, accumula-
tions across the United States in order to gain insight on topics
such as sources of naturally occurring CO,, the effects of high
CO, concentrations on the geochemistry and microbiology
of reservoirs, possible subsurface migration pathways for the
CO, accumulations, and timing of CO, entrainment within
traps (for related studies by USGS scientists, see Shelton
and others, 2016; Brennan, 2017; and Craddock and others,
2017). Studying CO,-rich reservoirs is beneficial because
they are currently used as sources of CO, for enhanced oil
recovery (EOR) and could eventually serve as reservoirs
for geologic CO, sequestration, as they have proven to be
capable of trapping large volumes of CO, for millions of
years. Understanding the microbial communities of CO,-rich
reservoirs is crucial because these microbial populations may
affect the fate and transport of injected CO, and geologic CO,
storage mechanisms (for example, Peet and others, 2015).
Therefore, understanding how microbial populations and their
potential metabolic functions in deep, CO,-rich subsurface
systems adapt to high CO, concentrations over long time
scales (for example, thousands of years) may help to predict
microbial population changes and their effects on potential
geologic CO, sequestration projects.
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The purpose of this study is to delineate the formation
water geochemistry and microbial community structures of
formations with high CO, concentrations to predict possible
geochemical and microbiological changes that could occur in
various reservoir settings after long-term CO, sequestration. It
is important to note that no studies to date have analyzed the
chemical composition of co-produced water from any com-
mercial CO, site, and only one study (Freedman and others,
2017) has analyzed the microbial community composition of
co-produced water from a commercial CO, site. Therefore,
the current study provides a rare opportunity to observe these
systems, where there is currently a dearth of data, and to
understand how such systems may behave geochemically. We
seek to determine whether a particular “microbial signature”
is associated with naturally occurring CO, reservoirs and
to characterize the potential activity of microorganisms in
CO,-rich sites. Furthermore, we examine potential changes in
microbial community structure and function that may occur
in shallow aquifers in the event of CO, leakage from deep
sequestration sites.

We collected formation water, microbial biomass, and
co-produced gas from four CO,-rich reservoirs across south-
eastern Colorado and northeastern New Mexico: two sites
in the greater Bravo Dome CO, unit region; one in Oakdale
Field, northwest of Bravo Dome; and one effervescent shal-
low groundwater well at Rafter “K” Ranch, southwest of
Bravo Dome. For more information on these sites, readers are
referred to Brennan (2017). To our knowledge, these are the
first formation water and microbial samples collected from the
Bravo Dome unit. Although we collected a small number of
samples, studying these sites, where large volumes of rela-
tively pure CO, are produced from the subsurface, and similar
CO, accumulations across the United States can provide more
insight into how high CO, concentrations could affect micro-
bial communities and formation water geochemistry (and thus,
possibly affect geologic CO, sequestration) in large-scale,
permanent CO, injection sites.

Background and Study Sites

Bravo Dome

Two water samples were collected from producing wells
associated with the West Bravo Dome CO, exploration unit,
a large commercial CO, field in northeastern New Mexico
(fig. 1). The gas produced from Bravo Dome was historically
used to produce dry ice (Johnson, 1983) and now is primarily
piped to the Permian Basin and used for CO,-EOR operations.
Most of the CO, produced from Bravo Dome is sourced from
Permian strata, specifically the Abo Formation and the Tubb
sandstone (basal unit of the Yeso Formation); small vol-
umes of CO, are also produced from the Triassic Santa Rosa
Formation (after Broadhead, 1990). The Abo-Tubb strata are
eolian and fluvial sandstones containing discrete intervals of

dolomitic paleosols with high concentrations of manganese,
low strontium and sodium concentrations, and variable iron
content (Hartig and others, 2011). The Triassic Santa Rosa
Formation was subdivided into three members by Lucas and
Hunt (1987): the Tecolotito Member, the Los Esteros Member,
and the Tres Lagunas Member. The Tres Lagunas Member is
the uppermost and most described member of the Santa Rosa
and is a predominantly orange and yellowish-brown, medium-
grained quartzarenite sandstone. Stratigraphically below

the Tres Lagunas is the Los Esteros Member, a yellow and
reddish-brown mudstone with intervals of very fine- to fine-
grained quartzarenite sandstone. The Tecolotito Member has a
basal limestone-cobble conglomerate, and the overlying rocks
are grayish-orange to pale-orange, laminated and crossbedded,
medium-grained quartzarenite.

Bravo Dome has been studied because of the large
volume of CO, emplaced in the subsurface there; studies have
included analyzing the long-term effects of CO, sequestra-
tion in saline aquifers (Gilfillan and others, 2009; Hartig
and others, 2011), estimating the timing of CO, emplace-
ment in the dome (Gilfillan and others, 2008; Broadhead
and others, 2009), delineating the current CO, flux into the
reservoir (Baines and Worden, 2004; Sathaye and others,
2014; Brennan, 2017), and analyzing the system’s suitabil-
ity as a target and (or) analogue reservoir for geologic CO,
sequestration (Rochelle and others, 1999; Allis and others,
2001; Stevens and others, 2001; Gilfillan and others, 2009).
Despite the numerous studies of Bravo Dome, no data on
either co-produced waters or subsurface microbiology have
been published. Previous research suggested that the main
CO,-producing reservoir of Bravo Dome, the Permian Tubb
sandstone, is hydrologically sealed and that producing regions
of the reservoir are compartmentalized and therefore hydro-
logically disconnected from adjacent reservoirs (Akhbari and
Hesse, 2017). If the Tubb sandstone is compartmentalized
in northeastern New Mexico, the formation water geochem-
istry of Bravo Dome may deviate from regional trends.
Furthermore, producing wells across Bravo Dome may be
geochemically different if they produce from different com-
partmentalized regions.

Oakdale Field

Oakdale Field is a gas-producing field within the Raton
Basin in Huerfano County, Colorado, northwest of Bravo
Dome. The main reservoirs of Oakdale Field are the Jurassic
Entrada Sandstone and the Cretaceous Dakota Sandstone that,
in addition to natural gas, produce large volumes of CO,.

The Entrada Sandstone is a fine- to coarse-grained, parallel-
bedded, white to pink and red, well-sorted sandstone with
mostly rounded and frosted quartz grains (Baltz, 1965). Chert
and feldspar grains are also present in the sandstone, and the
sandstone’s cement is typically calcareous and, in some places,
gypsiferous (Baltz, 1965). The Dakota Sandstone in this area
is gray to buff colored and interbedded with gray shale. Lenses
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of conglomerate, as well as areas of pure sandstone, are com-
mon in the western part of the Raton Basin (Baltz, 1965). The
Dakota Sandstone is loosely cemented and well sorted in some
areas, and in other areas it is fine grained to finely conglomer-
atic (Baltz, 1965) and has a lenticular, nonmarine shale at its
base (Owen, 1966). These two sandstones also produce large
volumes of CO, from other areas of southeastern Colorado,
such as Sheep Mountain and Dike Mountain Fields (Roth,
1983; Worrall, 2004). The third producing (gas only as of
2004) reservoir is a felsite dike, emplaced as a magmatic fluid,
with primary and fracture porosity. The felsitic section has his-
torically produced mostly methane (CH,4) with complementary
volumes of CO, (15-20 percent; Worrall, 2004).

These sandstone producing formations typically have
double the average porosity of rocks in the Raton Basin
(Worrall, 2004). This high porosity is likely due to a lack of
silicification caused by lack of recharge; silicification has been
identified in other areas of the basin and attributed to active
recharge (Worrall, 2004). Historically, wells in Oakdale Field
have produced gas with a CO, content ranging from 24 to
97 percent on average, with the remainder of the gas typically
dominated by hydrocarbons (for example, ethane; Worrall,
2004). In 2016, nine wells were producing from Oakdale
Field, specifically from the Entrada and Dakota Sandstones
and the Cretaceous Pierre Shale (Colorado Oil and Gas
Conservation Commission, 2018).

Rafter “K” Ranch

The Rafter “K” Ranch is in San Miguel County, New
Mexico, approximately 15 kilometers southwest of the
greater West Bravo Dome CO, exploration unit (Brennan,
2017). The samples collected for this study originated from a
shallow (47.25 meters [m] deep), nonpumping groundwater
well, which began effervescing CO, upon completion of the
well (Ray Hartley, oral commun., 2015). The well is drilled
into exposed Triassic strata, similar to that of the West Bravo
Dome CO, exploration unit; Brennan (2017) hypothesized that
the well is, like Bravo Dome, producing from the Santa Rosa
Formation. The well was sampled to determine if the produced
CO, had a source similar to that of the CO, produced from
Bravo Dome (Brennan, 2017) and to assess the long-term
microbial and geochemical effects of a CO, leak into a shal-
low aquifer.

Methods
Field Sampling

During sampling campaigns in June 2015 and
August 2016 (table 1, fig. 1), we collected formation waters
at the four sites for chemical and microbiological analyses.
Co-produced gases were also collected, and methods for this
work can be found in Brennan (2017). Samples came from

the Candelario well and the Lewis well in Bravo Dome, the
Oakdale Field water storage tank, and the Rafter “K” Ranch
water well (fig. 1). Although low volumes of water were
produced, water was collected directly from the Candelario
and Lewis wellheads into sterile 2-liter (L) glass bottles.

The Oakdale Field water was collected from a water storage
tank that was open to the atmosphere and contained a mix-
ture of produced water from all nine wells within the field.
Water was obtained from the Rafter “K” Ranch groundwater
well by using a Geocontrol PRO bladder pump (Geotech
Environmental Equipment, Inc., Denver, Colorado) after
purging at a rate of 6.3 liters per hour for 2 hours. Solid
material from these producing formations could not be
obtained to analyze biofilms or organisms present on the
surfaces. Sterile plastic Nalgene tubing was inserted into each
bottle, once filled with sample water, and was attached to a
0.22-micrometer (um) Sterivex GP filter unit using a peristal-
tic pump. Water was pumped through the filter until the filter
clogged, and the filter was immediately stored on dry ice. The
remaining water was filtered according to the geochemical
analysis protocol listed below and collected into high-density
polyethylene (HDPE) or glass sample bottles (major and
minor geochemistry and isotopes), preserved according to the
analysis protocol, and stored immediately on ice. Unfiltered
water was also collected in anoxic (nitrogen gas [N,] head-
space) 120-milliliter (mL) glass serum bottles for microbial
cultivation. Each serum bottle was filled with approximately
60 mL of produced water.

All samples collected for trace element and cation
analysis were filtered at 0.45 um and acidified to a pH below
2 using Optima-grade nitric acid; samples collected for the
analysis of anions, alkalinity, and total dissolved solids (TDS)
were simply filtered using a 0.45-pm filter unit. Water for
stable hydrogen and oxygen isotopes of water (62H and 5!80)
and strontium isotope (strontium-87/strontium-86 [37Sr/86Sr])
analysis was filtered at 0.45 um with a Geotech Environmental
Equipment, Inc. capsule filter. All water sample bottles were
filled (leaving no headspace), stored on ice, and shipped to the
USGS in Reston, Virginia, where they were stored at 4 degrees
Celsius (°C) until analysis. All Sterivex GP filter units for
microbial community analysis were shipped on dry ice to the
USGS where they were held at —80 °C until shipment to Jonah
Ventures (Boulder, Colorado) for sample analysis. A field
blank was collected for each analysis (for example, cations)
as a quality-control check. The blanks for water samples were
18-megaohm water collected following filtering and preserva-
tion methods for a given sample type (for example, cations).
The blanks for the Sterivex filters were prepared by passing
2 L of 18.2-megaohm-centimeter water through a Sterivex GP
filter unit.



Table 1. Summary of study sites and samples collected.

[API, American Petroleum Institute; NA, not applicable]

Methods 5

. Lower
Site Sample date APl number Geologlc State (county) Coordinates depth, in Sample type
formation
meters
Lewis (Bravo 6/15/2015 30-012-20587 Santa Rosa New Mexico  35.904125, 1,067 Water chemistry
Dome) Formation and (Harding) —103.93255 and microbial
Tubb sandstone sequencing
Candelario 5/15/2015 30-021-20659  Santa Rosa New Mexico  35.88815, 1,158 Water chemistry
(Bravo Formation and (Harding) —103.950342 and microbial
Dome) Tubb sandstone sequencing
Oakdale 8/15/2016 NA Pierre Shale, Colorado 37.539059, 1,720* Water chemis-
Field Dakota (Huerfano) —105.104617 try, microbial
Sandstone, sequencing, and
and Entrada cultivation
Sandstone
Rafter “K” 6/10/2015; NA Triassic strata New Mexico  35.705738, 47 Water chemis-
Ranch 8/18/2016 and Santa Rosa (San —104.238507 try, microbial
Formation Miguel) sequencing, and

cultivation

* Average depth of producing wells from Oakdale Field.

Analytical Methods for Geochemical and
Isotopic Analysis

Produced water temperature (not indicative of downhole
temperature), conductivity, and pH were measured in the
field immediately after water collection by using a Thermo
Scientific Orion Star A325 portable pH/conductivity/tempera-
ture multiparameter meter kit with an Orion ROSS Triode
pH/automatic temperature compensation (ATC) gel-filled
electrode and an Orion DuraProbe conductivity cell. Stable
isotopes of water—o62H-H,O and 130-H,O—were measured
to a precision of +2.0 per mil (%) and £0.3 %o, respectively,
by Isotech Laboratories, Inc. in Champaign, Illinois. The §!3C
of dissolved inorganic carbon (DIC) in water was measured
to a precision of +0.2 %o by Isotech Laboratories, Inc. in
Champaign, Illinois. Anions and trace metals were mea-
sured by Activation Laboratories Ltd. in Ancaster, Ontario,
Canada. Anions were measured by using a Dionex DX-120
ion chromatograph system, and trace metals were analyzed
by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) on an Agilent Axial 730-ES (emission spectrom-
eter), with detection limits varying for the measured ele-
ments (table 2). Field blanks for both anions and trace metals
contained negligible amounts of the measured elements (that
is, below laboratory detection limits). Charge balance errors
ranged from —14.2 to 15.4 percent and did not include a direct
measurement of DIC (only alkalinity) or the dissolved organic
composition constituents, as they were not measured.

Strontium isotopes were measured on a Nu Plasma
multiple-collector inductively coupled plasma mass spec-
trometer at the Center for Earth and Environmental Isotope

Research at the University of Texas at El Paso after column
separation in a class-100 clean room. Samples were purified
by using Eichrom Technologies Inc. strontium resin, dried
down, and brought up in 2 percent nitric acid. Strontium
isotope ratios were corrected on-line for any interferences with
krypton (Konter and Storm, 2014). Accuracy was accept-
able, as shown through the average result of 0.70918 for the
secondary standard USGS EN-1 versus the accepted value of
0.709174. External error (2s) was 0.000023 on the basis of
variation in the USGS EN-1 standard (n=5) over the 2 days of
analysis. Field blanks contained negligible amounts of stron-
tium (less than 100 millivolts).

To increase the robustness of the dataset and to com-
pare the samples from this study to other data from the
region, produced water data from similar strata in Colorado
and New Mexico were obtained from a variety of external
databases and literature. Data were selected if they were
from the same county as any of the four samples collected
in this study (Huerfano County, Colorado; Harding County,
New Mexico; and San Miguel County, New Mexico), the
Las Vegas Basin, or the Raton Basin, or were within these
general regions and contained relevant data (for example,
87Sr/86Sr values). External data sources included the USGS
National Produced Waters Geochemical Database version 2.3
(https://doi.org/10.5066/F7J964W§; Blondes and oth-
ers, 2018), the USGS National Water Information System
(https://nwis.waterdata.usgs.gov/nwis; U.S. Geological
Survey, 2018), a U.S. Environmental Protection Agency
study on hydraulic fracturing (U.S. Environmental Protection
Agency, 2016), and the New Mexico Produced Water Quality
Database version 2 (http://gotech.nmt.edu/gotech/Water/
producedwater.aspx; Petroleum Recovery Research Center,
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Table 2. Field-measured water-quality parameters, concentrations of ions and trace elements, and isotopic composition of
produced fluids.

[Total dissolved solids (TDS) includes the sum of trace ions that were measured but not presented in this table. Dissolved inorganic carbon (DIC) and dissolved
organic carbon were not measured and could not be included in the TDS sum. The laboratory detection limits for the analytes were as follows: sodium (Na*),

5 micrograms per liter (ug/L); potassium (K+), 30 pg/L; calcium (Ca2+), 700 pg/L; magnesium (Mg2+), 2 pg/L; strontium (Sr), 0.04 pg/L; silicon (Si), 200 pg/L;
iron (Fe), 10 pg/L; chloride (Cl-), 30 pg/L; bromine (Br-), 30 pg/L; nitrate (NO5-) as nitrogen (N), 10 pg/L; nitrite (NO,~) as N, 10 pg/L; phosphate (PO43")

as phosphorus (P), 20 pg/L; and sulfate (SO427), 30 ug/L. °C , degree Celsius; NA, not measured or not available; mg/L, milligram per liter; CaCO;, calcium
carbonate; <, a precise concentration could not be generated because the sample was diluted and close to the laboratory detection limit; 87Sr/86Sr, strontium-87/
strontium-86; %o, per mil; CO,, carbon dioxide; %, percent; CH,, methane; Ar, argon; ND, not detected; He, helium; C,,, hydrocarbons measured in the gas with
greater than or equal to two carbon atoms]

Sample

Parameter Units (:r:"“lie[',z'r':e) (Brab‘;"‘gzme) Oakdale Field* Rafter “K” Ranch
Temperature °C NA NA 253 32.5
pH Unitless 7.2 6.6 6.5 6.4
Alkalinity mg/L as CaCOj3 5,446 1,575 15,737 10,825
Nat mg/L 11,300 8,880 19,000 63
K+ mg/L 127 62 123 25
Ca2+ mg/L 2,200 3,560 358 573
Mg2+ mg/L 2,650 540 102 127
Sr mg/L 41.2 59.6 37.5 50.6
Si mg/L 352 65.6 333 7.1
Fe mg/L 100 112 35 5
Cl- mg/L 15,200 15,900 16,000 19
Br- mg/L 46.2 46.5 91.4 <0.3
NO;~ (as N) mg/L <2.0 <2.0 <2.0 <0.1
NO;- (as N) mg/L 32 2.1 <2.0 <0.1
PO43- (as P) mg/L <3.0 <3.0 <3.0 <0.2
SO,2- mg/L 3,340 1,750 577 573
TDS mg/L 31,013 31,013 36,426 1,400
87S1/86Sr Unitless 0.72421 0.72899 0.70855 0.70856
3180-H,0 %0 -9.04 -9.22 0.03 -7.01
82H-H,0 %0 -62.5 —62.4 -17.5 —47.7
d13C-DIC %o 34 1.7 2.3 0.3
CO, % 99.5 99.8 76.2 99.5
CH, % 0.002 0.001 18.758 0.001
Ar % 0.008 ND 0.024 0.007
He % 0.027 0.020 0.047 0.008
Cys % ND ND 3.76 ND

*Value is the average mole percent of gas components (standard deviation = 28.0) in wells that produce from Oakdale Field (n=7).

2018). These data are hereafter referred to as the “legacy water ~ Characterization of Microbial Community
samples,” and they include water from multiple surface-water comp osition

sites, monitoring wells, domestic water wells, and production
wells, as well as time-series data from many of these sites.
Furthermore, additional outside data concerning hard-rock
strontium concentrations and isotopic values (87Sr/86Sr) were
compiled for the study region from the EarthChem Portal
(http://www.earthchem.org/portal; EarthChem, 2018).

Deoxyribonucleic acid (DNA) extractions, amplifica-
tions, and Illumina MiSeq 16S ribosomal ribonucleic acid
(rRNA) gene sequencing were completed by Jonah Ventures
in Boulder, Colorado. Following Jonah Ventures protocol,
DNA was extracted by opening the Sterivex GP filter units
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and vigorously swabbing the entire surface of the filter with

a clean sterile swab. This method was performed to reduce
contamination induced by slicing the filter and to obtain the
entire community present on the filter, as using slices of filter
might not capture communities present on unused portions (for
examples of this method, see Grice and others, 2008; Ramirez
and others, 2014; Barberan and others, 2015; Leff and oth-
ers, 2015; Luongo and others, 2016). The swab was then used
for extraction in the MO BIO Laboratories, Inc. (Carlsbad,
California) PowerSoil-htp 96-Well DNA isolation kit follow-
ing the manufacturer’s given protocol. For quality-control
purposes, eight extraction blanks and two swab blanks were
included in the dataset.

Following extraction, the V4 region of the 16S rRNA
gene was amplified by using the 515F (5= GTGYCAGC-
MGCCGCGGTAA - 3’) and 806R (5’ — GGACTAC-
NVGGGTWTCTAAT — 3°) primer pair (Apprill and others,
2015; Walters and others, 2015; Parada and others, 2016).
Both primers included 5’ Illumina adaptor sequences to
allow for indexing and sequencing. Polymerase chain reac-
tion (PCR) was performed by using the Promega PCR
Master Mix (Promega Corp. catalog no. M5133; Madison,
Wisconsin) according to the manufacturer’s protocol, using
the primers (both 0.2 micromolar [uM]) and 1 microliter (uL)
of sample DNA. The following conditions were used for
the first PCR amplification: initial denaturation at 95 °C for
5 minutes (min), followed by 35 cycles for 45 seconds (s) of
denaturation at 95 °C, annealing for 60 s at 50 °C, extension
for 90 s at 72 °C, and a final elongation at 72 °C for 10 min.
Unincorporated single-stranded DNA and DNA polymerase
were removed from PCR products by incubating the ampli-
cons with Exol/SAP (Shrimp Alkaline Phosphatase) for
30 min at 37 °C, followed by an inactivation step at 95 °C for
5 min. A second round of PCR was performed to incorporate
a unique 12-nucleotide index sequence into each sample. The
indexing PCR included the primers (0.5 pM each), Promega
PCR Master Mix, and 2 pL of template DNA (that is, the
cleaned amplicon from the first PCR reaction). Initial dena-
turation was at 95 °C for 3 min, followed by eight cycles
for 30 s at 95 °C, annealing at 55 °C for 30 s, and extension
at 72 °C for 30 s. After both PCR reactions, 5 pL of PCR
products from each sample was normalized and cleaned using
SequalPrep Normalization Plates (Life Technologies Corp.,
Carlsbad, California). The samples were then pooled together
for sequencing on an Illumina MiSeq (Illumina, Inc., San
Diego, California) at the University of Colorado Boulder
BioFrontiers Sequencing Facility, running 1 x 150 base pair
chemistry and using the v2 300-cycle kit (Illumina Inc. catalog
no. MA-102-2002).

QIIME 2 version 2017.11 (Caporaso and others, 2010;
www.qiime2.org) was used for downstream processing.

The data were processed following the protocol outlined

in the “Moving Pictures” tutorial (QIIME 2 Development
Team, 2017; https://docs.qiime2.org/2017.11/tutorials), with
some modifications. Sequences were trimmed and truncated
where the quality score dropped below 30 by using the
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DADAZ2 plugin of QIIME 2 (--p-trim-left 14; --p-trunc-len
150). Phylogenetic classification was performed by using

a Naive Bayes classifier trained on the SILVA 119 data-
base within QIIME 2 (QIIME 2 Development Team, 2018;
https://docs.qiime2/org/2018.4/data-resources/) (Pruesse and
others, 2007; Quast and others, 2013), and the following
parameters were modified: --p-pre-dispatch 1, --p-chunk-
size 1000.

The final data were read into R version 3.3.3 (R Core
Team, 2017) for all additional downstream processing steps
and statistical analyses. Sequences matching chloroplast
phylotypes were removed. The operational taxonomic units
(OTUs) identified at greater than 1-percent abundance in
the blanks (28 OTUs) were removed from the sample set
to reduce contamination (for example, Salter and others,
2014), and the samples were rarefied to 24,000 sequences per
sample. Sequence reads for each sample were deposited in
the National Center for Biotechnology Information Sequence
Read Archive under BioProject PRINA470686 and BioSa-
mple accession numbers SRR7140487-SRR7140489. Data
and associated metadata are available in Shelton, DeVera, and
others (2018).

Cultivation of Microbial Functional Groups

Microbial functional groups were cultured from the
Rafter “K” Ranch and Oakdale Field water samples in
anaerobic media selective for six microbial functional groups
at three sodium chloride (NaCl) salinities (freshwater, 1 gram
per liter [g/L]; seawater, 20.0 g/L; and brine, 100 g/L) and at
two CO, concentrations (20 percent and 100 percent) for a
total of 36 cultivation conditions. A broad range of salinities
were tested to provide a proxy for geochemical changes that
could result from mixing of high- and low-salinity waters in
aquifers. In addition, by testing multiple salinities, we aimed
to provide information on the range of salinity tolerated by
the native microbial communities. Two CO, concentrations
were tested to evaluate the microbial response to various CO,
concentrations because CO, concentrations could vary in situ.

The microbial functional groups targeted included CO,
fixers and hydrogenotrophic methanogens (autotrophs), iron-
reducing bacteria (FeRB), acetoclastic methanogens (methano-
gens), nitrate-reducing bacteria (NRB), sulfate-reducing bac-
teria (SRB), and heterotrophs/fermenters (heterotrophs). The
functional groups tested were chosen to evaluate (1) microbial
responses to inputs of deep or shallow waters with varying
geochemical conditions and (2) the potential activity of micro-
organisms in a CO, sequestration analogue.

An anoxic, sterile, bicarbonate-buffered mineral media
(modified from Widdel and Bak, 1992; pH 7) was used as the
base media for enrichment cultures. Per liter, freshwater media
contained the following: 0.4 gram (g) magnesium chloride
(MgCl,)-6H,0, 0.1 g calcium chloride (CaCl,)-2H,0, 0.3 g
ammonium chloride (NH4Cl), and 0.6 g monopotassium
phosphate (KH,PO,). Each liter of seawater and brine media
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contained 3.0 g MgCl,-6H,0, 0.15 g CaCl,-2H,0, 0.25 g
NH,4CL and 0.2 g KH,POy,. Per liter, all media contained
0.5 g potassium chloride (KCI), 3.2 g sodium bicarbonate
(NaHCOs), 1 mL of trace element solution SL-9 (Tschech
and Pfennig, 1984), and 1 mL of 0.1 percent resazurin solu-
tion as redox indicator. Media (10 mL) was dispensed under
80/20 N,/CO, into Balch pressure tubes containing approxi-
mately 0.7 g of 0.5-mm glass beads, which were added to
act as an inert surface for microbial growth. The tubes were
capped with butyl rubber stoppers (Bellco Glass Inc.) and
aluminum crimp seals and then autoclaved at 121 °C for
20 min. After autoclaving, media was amended with 1 mil-
liliter per liter Wolfe’s vitamin solution (Zeikus and others,
1983), selenite-tungstate solution (the final concentration in
media was 1 uM Na,SeO; and Na, WO,-2H,0), and cysteine-
sulfide reductant (Zeikus and others, 1983) from sterile, anoxic
stocks. Enrichment cultures for NRB and FeRB also contained
0.5 millimolar (mM) iron chloride (FeCl,) as reductant.
Media were further amended with electron accep-
tors and donors to selectively enrich for the six microbial
functional groups. The final concentrations of amend-
ments were as follows: (1) autotrophs—approximately
0.001 percent yeast extract and 10 mL hydrogen gas (H,);
(2) heterotrophs—6.4 g/L Bacto Peptone (Difco Laboratories),
1.1 g/L yeast extract, and 8.5 g/L glucose; (3) FeRB—approxi-
mately 50 mM amorphous iron oxide (FeOOH), 4 mM citrate,
4 mM acetate, and 4 mM lactate; (4) NRB—200 mM glyc-
erol and 50 mM sodium nitrate (NaNOs); (5) SRB—citrate,
acetate, and lactate, all 4mM, and 20 mM sodium sulfate
(NaSO,); and (6) methanogens—13 mM acetate. Amorphous
FeOOH was synthesized according to the method of Lovley
and Phillips (1986). Prior to inoculation, pressure tubes were
briefly flushed by using aseptic technique with 80/20 N,/CO,
or 100 percent CO, for low- or high-CO, conditions, respec-
tively, and left overpressured. Cultures were inoculated with
1 mL of water sample. A sterile control was prepared for each
experimental combination by omitting the inoculant. Pressure
tubes were incubated in the dark at 37 °C while shaking at
75 rotations per minute.
Cultures were visually monitored for approximately
5 weeks and scored at least weekly. Scoring consisted of
a subjective scale from negative to four-plus based on tur-
bidity and any other changes in appearance that indicated
biological activity. Geochemical analyses were performed
to confirm visual observations. The NRB culture samples
were filtered (0.22-pm Supor filters), then nitrate concen-
trations were determined by ion chromatography using a
Dionex ICS-1000 ion chromatograph with an ED50 electro-
chemical detector and a high-capacity AS14 anion-exchange
column. Sulfate reduction by SRBs was verified by using
lead acetate strips (Fisher Scientific), where a dark color
change indicated H,S production. Dissolved divalent iron
(Fe[II]) concentrations in FeRB cultures were determined by
extracting samples in 0.5-molar hydrochloric acid (HCI) for
1 hour. The HCl-extractable Fe(I) in extracts was quanti-
fied colorimetrically by analysis in ferrozine buffer: 50-mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
0.1 percent ferrozine, pH 7 (Kostka and Luther, 1994).
Absorbance was measured at 562 nanometers and converted to
iron concentrations on the basis of a standard curve of known
Fe(II) concentrations.

Methane was measured in methanogen, autotroph, and
heterotroph cultures by using a gas chromatograph (GC) with
thermal conductivity detection. Samples were collected from
culture tubes by using a sampling valve and 1-mL pressure-
lock, tight syringes (Valco Instruments Co. Inc.) with non-
coring needles. The sampling valve consisted of a Hamilton
HV plug valve (Hamilton Co., Reno, Nevada), sealed with
Thermogreen LB-2 5-mm septa (Supelco, Inc., Bellefonte,
Pennsylvania), and Kel-F female and male luer fittings
(Hamilton Co. no. 35031 and no. 35030). A sterile syringe
needle was attached to the male end and then inserted into
the flamed stopper of a microcosm bottle. Using a pressure
lock syringe, 0.2 mL of gas was removed and injected into a
Hewlett Packard 6890 series GC (GMI Inc.). Separation was
performed using a HayeSep N 80/100 mesh column with a
3-m, 1/8-inch Nafion dryer. The GC operated with nitrogen
as the carrier gas (20 milliliters per minute [mL/min] total
flow); temperatures of 40 °C, 155 °C, and 180 °C for the oven,
injector, and detector, respectively; and an injector flow rate
of 20 mL/min total flow. The GC signals were analyzed with
VP CLASS 7.3 software (Shimadzu, Columbia, Maryland).
Instrument responses were calibrated with CH, standards
(Scott Specialty Gases, Plumsteadville, Pennsylvania). A
GMH 3111 digital pressure meter with a GMSD needle pres-
sure transducer (Greisinger Electronic GmbH, Germany)
was used to measure gas pressure in culture tubes. Methane
concentrations measured by the GC in parts per million were
converted to micromoles of CH, gas in headspace by using the
Ideal Gas Law (eq. 1).

P+ Pus) * Vs, Xcn,

RT3 X100~ New, (M
where
P is the room pressure in millibars;
Py is the headspace overpressure in millibars;
Xen, is the concentration of methane in headspace
in parts per million;
Vus  1s the headspace volume in milliliters;

R s the ideal gas constant (8.314 x 104 milliliter
millibar per mole per degree kelvin); and
T 1is the laboratory temperature in
degrees Celsius.

Compositional Data Analysis

Chemical data from waters are typically measured and
statistically analyzed as concentrations of specific elements
(for example, as milligrams per liter, millimoles per liter, and
so on). Water-chemistry datasets, however, are fundamentally
compositional (Lovell and others, 2011; Engle and Rowan,



2013, 2014) and require particular mathematical treatment to
successfully interpret the data. Many issues with data inter-
pretation, such as spurious relations or misleading conclu-
sions, have been noted when using standard mathematical

and statistical techniques on ion and elemental data, particu-
larly in brines (for example, Aitchison, 1986; Buccianti and
Pawlowsky-Glahn, 2005; Engle and Rowan, 2013, 2014;
Engle and Blondes, 2014). Therefore, we used methods of
compositional data analysis (CoDA) to analyze the subcompo-
sitions of the nonisotopic chemical data. These methods were
created to avoid and overcome issues surrounding traditional
water-quality assessment methods and plotting techniques (for
example, Piper plots). For an in-depth explanation of CoDA,
as well as the centered log-ratio (clr) and isometric log-ratio
(ilr) transformations, we refer readers to fundamental papers
(Aitchison, 1986; Egozcue and others, 2003; Pawlowsky-
Glahn and Buccianti, 2011; Engle and Rowan, 2013).

Produced Fluid Geochemistry

Produced water was collected from four sites during
the two sampling campaigns (table 1). In this section, Rafter
“K” Ranch results are highlighted individually because of
the difference in setting compared to the other sites (shallow
groundwater versus deep hydrocarbon environments). The
water temperature was 25.3 °C at Oakdale Field and 32.5 °C
at Rafter “K” Ranch; water temperature was not recorded at
Candelario and Lewis wells (Bravo Dome samples). The pH
of the samples ranged from 6.4 (Rafter “K” Ranch) to 7.2,
and alkalinity ranged from 1,575 milligrams per liter (mg/L)
as calcium carbonate (CaCO;) to 15,737 mg/L as CaCO;
(10,825 mg/L as CaCOj at Rafter “K” Ranch). Sodium (Nat)
concentrations ranged from 63 mg/L (Rafter “K” Ranch) to
19,000 mg/L, and chloride (C1~) concentrations ranged from
19 mg/L (Rafter “K” Ranch) to 16,000 mg/L. Calcium (Ca2*)
concentrations ranged from 358 to 3,560 mg/L (573 mg/L at
Rafter “K” Ranch), magnesium (Mg2*) concentrations ranged
from 102 to 2,650 mg/L (127 mg/L at Rafter “K” Ranch), and
sulfate (SO427) concentrations ranged from 573 (Rafter “K”
Ranch) to 3,340 mg/L (table 2). Most concentrations of nitrite
(NO,") (as nitrogen [N]), nitrate (NO3~) (as N) and phosphate
(PO43") (as phosphorus [P]) were at or below laboratory
detection limits. Produced gas data and results are described in
Brennan (2017) and can be found in table 2.

Figure 2 is a covariance clr biplot that allows for inter-
pretation of the variance of different ratios of cations and
anions across the study area. When interpreting a clr biplot,
it is most important to analyze the position and length of the
links between the rays instead of simply the size and direction
of the rays themselves. Principal component (PC) 1 explains a
majority of the variance in the dataset, 84.5 percent, and PC1
and PC2 combined explain almost all of the variance present
in the dataset (95.8 percent total). The links between concen-
trations of Mg2*+ and Na*+ potassium (K*), Mg2* and Cl-, and
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Mg2* and SO42~ are all subparallel to PC1, meaning that PC1
reflects variation in the ratios Mg2+/Na*+K+, Mg2*/Cl-, and
Mg2*/SO42~ across the sample set. Almost all links from DIC
to the other elements are subparallel to PC2, meaning that PC2
explains the variation in DIC concentrations across the sample
sites. Short links between concentrations of Nat+K+ and Cl-
and CI~ and SO42~ suggest that these constituents occur pro-
portionally and may be associated with each other across the
studied region. The fact that PC1 explains most variance in the
dataset suggests that most of the variance is due to differences
in Na++K+*, Cl-, and SO,2~ concentrations compared to Mg2*
concentrations across the dataset.

The ilr-ion plot is a CoDA alternative to the Piper
diagram that shows ilr-transformed concentrations of major
cations and anions, similar to a Piper diagram (the ilr-ion
plot is described fully in Shelton, Engle, and others, 2018).
Most water samples in the current study (4 original samples
and 108 legacy samples from other sources) are Nat+K+* type
(lower left panel of fig. 3), with variation in the dominat-
ing anion (upper right panel of fig. 3). Minimal clustering of
samples is apparent, meaning that, in general, the current and
legacy water samples tend to be geochemically diverse. The
clusters that do appear are samples that were collected as time-
series data from the same location or samples from similar
stratigraphic settings (U.S. Environmental Protection Agency,
2016). The Bravo Dome samples are generally similar in that
both are Nat+K*- and Cl—-type waters. The water produced
from the Lewis well, however, has a greater Ca2+ concentra-
tion than Mg2* concentration, whereas the Candelario well
sample has a greater Mg2* concentration than Ca2* concentra-
tion (left panels of fig. 3). The Rafter “K” Ranch sample is
the most dissimilar of the four CO,-rich reservoir samples
collected, with water produced being Ca2* and bicarbonate
(HCOj;™)+carbonate (CO527) type.

The four water samples collected for this study are, in
general, isotopically similar to regional waters, in that all
appear to be of meteoric origin (fig. 4). The current data and
the legacy water data, in general, fall near the global meteoric
water line (GMWL; Craig, 1961) and the local meteoric water
line (LMWL; developed for the Pecos River above Santa Rosa
Lake, New Mexico; USGS station number 08382650; Coplen
and Kendall, 2000). The samples collected in the current study
generally have more enriched 82H-H,O and 6130-H,0 values
than the legacy data, with the Oakdale Field and Rafter “K”
Ranch samples being obvious outliers (fig. 4). These isotopic
differences in the Rafter “K” Ranch and Oakdale Field sam-
ples compared to the other samples in the dataset may be due
to differences in recharge temperatures, the CO,-rich condition
of the reservoirs, or evaporation during recharge (the Oakdale
Field sample may have been affected by evaporation while in
the storage tank). For example, three evaporation scenarios
are plotted in figure 4, showing how the isotopic composi-
tion of water could shift during evaporation at 25, 50, and
75 percent humidity. Oxygen exchange is an expected isoto-
pic deviation for waters in high-CO, environments, meaning
oxygen-16 from the in situ CO, would preferentially exchange
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Figure 2. Compositional biplot that represents a principle component (PC) analysis of centered
log ratio (clr)-transformed water-chemistry data for produced water samples and legacy data.
PC1 explains 84.5 percent (%) of the variance in the dataset, and PC2 explains 11.3 percent of
the variance. The dashed lines represent examples of links between the rays. Ca2+, calcium;
Cl-, chloride; DIC, dissolved organic carbon; K+, potassium; Mg2+, magnesium; Na+, sodium;

S0,42-, sulfate.

with oxygen-18 in the water, causing the 5!80-H,O value to
decrease over time; however, isotopic equilibrium is quickly
achieved, and this fractionation is rarely observed in nature
(Clark and Fritz, 1997). Exchange with CO, would not cause
the deviation observed in the dataset. These samples may
also be influenced by microbial activity (for example, micro-
bial methanogenesis; Balabane and others, 1987; Whiticar,
1999) and mixing of water sources. Moreover, the isotopic

composition of these waters may simply reflect the isoto-
pic values during recharge and could be slightly influenced
by mixing with basinal brines (Clayton and others, 1966).
Because this study does not have known mixing endmembers
for either water isotope, establishing mixing trends is difficult.
The 87Sr/86Sr isotopic system is typically used to deter-
mine mixing of groundwaters or used as a tracer for sources
of salinity or water-rock interactions (Geyh and others, 2001).
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Figure 4. Graph showing water isotope data for produced water samples and legacy data relative to the global meteoric

water line (MWL) and a local meteoric water line (LMWL; developed for U.S. Geological Survey station number 08382650,
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from Kakiuchi and Matsuo (1979). 2H-H,0 and 8'80-H,0 are measured relative to Vienna Standard Mean Ocean

Water (VSMOW).

The two Bravo Dome samples, Lewis and Candelario, have
more radiogenic strontium (Sr) than the Rafter “K” Ranch and
Oakdale Field waters, meaning that the Lewis and Candelario
87Sr/86Sr values are greater than the Rafter “K” Ranch and
Oakdale Field 87Sr/86Sr values (fig. 5). The Oakdale Field sam-
ple is the only sample that conforms to the general regional
trend for Sr isotopes and concentrations; the Rafter “K” Ranch
sample has a much lower Sr concentration than the other sam-
ples, and the Bravo Dome samples are much more radiogenic
than the legacy water samples. The legacy water data, which
are time-series data from multiple surface-water sites, moni-
toring wells, domestic water wells, and production wells, show
little variation between time points, only small changes in the
Sr concentrations in the sampled water (the 87Sr/86Sr values
for the same locations at different time points remain more
constant). All of the water data, including the four samples
collected for the current study and the legacy data, are within

the isotopic range of the data for the regional rocks, which are
volcanic, xenolithic, plutonic, or unknown rock types. The
hard rock data are much more variable than the legacy water
data, with 87Sr/86Sr values ranging from 0.70274 to 0.80837
and 1/Sr values ranging from 0.00029 kilogram per milligram
(kg/mg) to 192.3 kg/mg (EarthChem, 2018).

The Lewis and Candelario samples (from the West Bravo
Dome exploration unit) and the Oakdale Field sample gener-
ally align with overall regional geochemical trends, except
for the few differences outlined above: the Oakdale Field
sample is isotopically enriched in oxygen-18 and deuterium
(2H) compared to the legacy water data, and the Bravo Dome
samples (Lewis and Candelario) have greater 87Sr/86Sr values
compared to the legacy water data. The Rafter “K” Ranch
sample appears to be an outlier, as it generally deviates from
regional water trends outlined by the legacy water data (see
figs. 2—4). The greater amounts of radiogenic strontium in the
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Lewis and Candelario samples cannot be explained by the
high CO, content of the reservoir and is more likely explained
by volcanism in the localized area. Previous volcanic activity
occurred near Bravo Dome, specifically in the Raton Volcanic
Field (Broadhead and others, 2009). Sathaye and others (2014)
hypothesized that the CO, gas that charged Bravo Dome was
likely sourced from the formation of the Capulin Volcano in
the Raton Volcanic Field and traveled into the basin via faults
generated by magmatic activity. It is also possible that the high
CO, content (that is, acidity) of these waters may be dissolv-
ing formation rock, thus releasing radiogenic strontium. The
similarity of the strontium isotope values and concentrations
of the Lewis and Candelario samples may indicate a common
source for the groundwater, similar residence times, and (or)
similar flow paths.

The Oakdale Field sample is most different from the
legacy water data in terms of isotopic composition. The
Oakdale Field water has much more positive 82H and 8180
values (fig. 4). The Oakdale Field sample could have been
affected by evaporation during recharge, which is a process
that can increase both the 82H and 6180 values in water, caus-
ing the sampled water to have larger 62H and 6!80 values
than the GMWL (for example, Clark and Fritz, 1997). These
high 82H and 8'80 values could imply different recharge areas
or time of recharge than the other samples examined in this
study. Also, because the Oakdale Field sample was collected
from an open storage tank, water may have evaporated from
the storage tank itself, altering the isotopic composition of the
water post-production. The tank was not well mixed, however,
and the sample was collected from the bottom of the tank,
which might have deterred major evaporative and deposi-
tional effects. Microbial activity may also affect the isotopes
of produced water, such as !80-H,O; Oakdale Field may be
actively methanogenic because of the CH,4 produced from the
field (Worrall, 2004).

The Rafter “K” Ranch sample is the most geochemi-
cally distinct of the four samples collected in the current
study, differing both isotopically and compositionally. This
deviation from regional trends may be due to the shallow
sampling depth. Much of the legacy data, however, are from
regional surface and monitoring wells, which would also
reflect shallow conditions. The difference in depth between
Rafter “K” Ranch and the other three CO,-rich samples
collected in this study may explain some of the differences
observed between those two groups of samples. The Bravo
Dome (Lewis and Candelario) and Oakdale Field samples
are all Nat+K+- and Cl--type waters, typical of basinal brines
(Kharaka and Hanor, 2003), whereas Rafter “K” Ranch is
CaZ*- and HCO5;+CO;2-type water, typical of low-salinity,
shallow groundwaters. This observation is consistent with
the much lower TDS value of the Rafter “K” Ranch sample
compared to the other three sites (see table 2). The shallow
groundwater samples from the legacy water data are also
typically dominated by SO42-, with some samples being
HCO;+CO52 type, and are either Ca2+ type or do not have a
dominant cation (fig. 3).

Two differences between the shallow legacy groundwater
samples and the Rafter “K” Ranch sample are CO, concentra-
tion and producing strata. The CO, concentration of the Rafter
“K” Ranch sample is much higher than those of the legacy
data, as the legacy data are not from either naturally producing
CO, wells or gas wells. This difference most likely explains
the dominance in DIC for Rafter “K” Ranch compared to
SO,42~ for most of the shallow legacy groundwater samples
because CO, injection into shallow groundwaters increases
the alkalinity as the CO, dissolves into formation water (for
example, Kharaka and others, 2010; Peter and others, 2012).
Unfortunately, the exact lithological effects are uncertain
because the producing strata for the legacy water data are
unknown and the producing strata for Rafter “K” Ranch
are uncertain.

Despite the possible effects of CO, described above, and
even though all four samples have different geochemical sig-
natures, the samples generally fit regional geochemical trends
associated with producing wells across southern Colorado and
northeastern New Mexico. Regional dissimilarities between
the two Bravo Dome samples and the legacy data may be due
to different flow paths, causing differing water-rock interac-
tions (specifically, accumulation of radiogenic strontium). The
Oakdale Field sample generally conforms to regional trends,
except for the isotopic values of the formation water (8!80 and
82H of H,0). This deviation may be due to different recharge
times, evaporation during recharge, evaporation in the storage
tank, and (or) microbial activity. The Rafter “K” Ranch sample
appears to be the most distinct when comparing geochemistry
to the legacy data; the sample has much less strontium, more
enriched 6!80 and &2H values for H,O, and is Ca-HCO;-type
water. Some of these deviations can easily be attributed to
the well’s shallow sampling depth and higher CO, concentra-
tion compared to other shallow groundwaters included in the
legacy data. Because some of the legacy data are from surface
waters and shallow groundwater wells, it appears that depth
alone is not driving the differences observed. Differences may
be driven by lithology because the Rafter “K” Ranch produc-
ing formation is like that of Bravo Dome, which produces
from much greater depths than the shallow legacy samples.

Microbial Community Composition and
Diversity

To better understand how high-CO, environments affect
the microbial communities in produced water, the micro-
bial community compositions of the four collected samples
were analyzed. The average number of sequences per sample
prior to rarefaction was 38,488, with the minimum and
maximum number of sequences equal to 26,762 and 64,702,
respectively (table 3). Samples were rarefied by random
subsampling to 24,000 sequences per sample for community
analysis. After rarefaction, the average number of OTUs
identified in each sample was 141, with Candelario having



the most OTUs identified (252 OTUs) and Lewis having
the fewest (41 OTUs). The microbes identified in these four
samples span 28 phyla and 480 OTUs, with OTUs from only
5 of the 28 phyla present in each sample (Actinobacteria,
Bacteroidetes, Euryarchaeota, Firmicutes, and Proteobacteria).
Most OTUs identified (84.0 percent) were found in only one
of the four samples collected, and only one OTU was identi-
fied in all four samples. Rafter “K” Ranch, the shallowest
groundwater sample and the hydrogeochemical outlier, had the
highest Shannon diversity index (Shannon, 1948), 3.94. The
Lewis sample (collected from the West Bravo Dome Unit) had
the lowest Shannon diversity index, 1.80. Bacteria dominated
all samples, with Archaea present in the four water samples at
a percent abundance between 0.0 and 0.3 percent (table 3). On
average, the most prominent phyla in the four water samples
were Firmicutes (30.5 percent), Proteobacteria (28.8 percent),
Bacteroidetes (26.8 percent), and Chloroflexi (5.0 percent).
The most prominent genera identified in the four
water samples, on average, were Acetobacterium (8.0 per-
cent), Desulfovibrio (5.7 percent; the only genus present
in all four water samples), Pseudomonas (4.9 percent),
Sphingobacterium (4.7 percent), and Sulfurospirillum (4.3 per-
cent). The Lewis well sample is dominated by unclassified
Bacteroidetes (50.8 percent), Desulfotomaculum arcticum
(12.0 percent), and Meniscus sp. (10.5 percent). The genus
Meniscus is understudied; however, the few existing studies
have suggested that the genus is aerotolerant and heterotro-
phic (Irgens, 1977). Desulfotomaculum arcticum is a rela-
tively thermophilic SRB isolated from sediment (Vandieken
and others, 2006); other species of the Desulfotomaculum
genus were identified in an aquifer used for natural gas stor-
age (Berlendis and others, 2016). Some species of the genus
Desulfotomaculum can oxidize organic compounds to CO,,
whereas other species use CO, and H, to grow autotrophi-
cally (Kuever and Rainey, 2015). Therefore, some of the CO,
co-produced at the Lewis well could have been microbially
modified, either added or removed from the system by the in
situ organisms. Bacteroidetes is a very diverse phylum, with
species identified in various environments, such as soils, the
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guts of humans and animals, sludge, and biodegraded oil
reservoirs (for example, Grabowski and others, 2005; Weon
and others, 2006; De Filippo and others, 2010; Sun and others,
2016; Sierra-Garcia and others, 2017).

The water produced from the Candelario well is
dominated by Sphingobacterium faecium (16.9 percent),
Pseudomonas sp. (15.2 percent), and unclassified organisms
(10.6 percent). Little is known about S. faecium other than that
they are aerobic and “of feces”; however, species of the genus
Sphingobacterium have been identified in soils, compost,
and industrial applications and are known etiological agents
of infection (Takeuchi and Yokota, 1992; Lambiase, 2014).
Species of the genus Pseudomonas have been identified in
many different habitats and have been isolated from environ-
ments including human clinical specimens, soils, marshes, and
marine environments (for example, Hardalo and Edberg, 1997,
Stover and others, 2000; Palleroni, 2015).

The difference in microbial communities between the two
Bravo Dome sites (Lewis and Candelario) combined with dis-
similar hydrogeochemistry and similar producing strata may
support the hypothesis that the Bravo Dome hydrologic system
is compartmentalized. If the two wells were hydrologically
connected, they would be expected to be more microbiologi-
cally and geochemically similar. Due to the difference in well
depth (approximately 90 m), however, differences in pressure
and water residence time could also be driving these general
microbial and geochemical differences.

The Oakdale Field sample contained mostly
Acetobacterium sp. (31.7 percent), Desulfovibrio dechlor-
acetivorans (18.0 percent), Sulfurospirillum sp. (16.0 per-
cent), uncultured Marinobacterium sp. (14.3 percent), and
Campylobacteraceae (11.6 percent). Species of the genus
Acetobacterium are diverse in their functions and habitats
(Stackebrandt, 2014) and are categorized as CO,-reducing,
hydrogen-oxidizing anaerobes (Balch and others, 1977).
Desulfovibrio dechloracetivorans is a dechlorinating SRB
that has been isolated from marine and tidal mudfiat sediment,
as well as from crude oil facilities (Sun and others, 2000).
Species of the genus Sulfurospirillum are free-living bacteria

Table 3. Results of 16S ribosomal ribonucleic acid (rRNA) gene amplicon sequencing.

[The total number of sequences is the number identified after singleton removal. Diversity statistics and percent Bacteria and Archaea were determined after
removal of singletons and contaminants and rarefaction to 24,000 sequences per sample. OTU, operational taxonomic unit]

Total Species S_hann_on Pielou’s Percent Percent Most abundant 0TU
Sample sequences . diversity .
richness R evenness  Bacteria  Archaea (percent abundance)
per sample index
Lewis (Bravo 27,743 41 1.80 0.484 100 0 Unknown Bacteroidetes (50.8)
Dome)
Candelario 26,762 252 3.75 0.679 99.7 0.3 Sphingobacterium feacium (16.9)
(Bravo Dome)
Oakdale Field 34,743 70 1.96 0.462 100 0 Acetobacterium spp. (31.7)
Rafter “K” 64,702 199 3.94 0.744 99.8 0.2 Uncultured Blvii28 wastewater-
Ranch sludge group (9.3)
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that have been isolated from water produced from an oil field
(Hubert and Voordouw, 2007), as well as anaerobic sludge,
surface water, and anoxic muds (Lastovica and others, 2014).
The genus Marinobacterium contains species that have been
identified in mostly marine environments, including pulp mill
effluent water, tidal flats, and marine sediment (Gonzalez and
others, 1997). Genera of the family Campylobacteraceae are
very diverse, have a wide range of growth characteristics, and
tend to be identified in humans, animals, surface water, and
groundwater (Lastovica and others, 2014).

The Rafter “K” Ranch sample is dominated by the
Blvii28 wastewater-sludge group (9.3 percent), Leptolinea sp.
(7.3 percent), and uncultured Veillonellaceae (6.5 percent).
The Blvii28 wastewater-sludge group is a poorly characterized
group of organisms commonly identified in sewage-sludge
digesters or anaerobic wastewater that have yet to be isolated
(Su and others, 2014). Species of the genera Leptolinea are
strict mesophilic anaerobes and have been isolated from an
artificial wastewater-sludge digestor (Yamada and others,
2006). Genera of the family Veillonellaceae are identified in
the microbiomes of many animals and humans (Marchandin
and Jumas-Bilak, 2014). Because all three of these bacteria
types are frequently associated with human or animal waste, it
appears that water infiltrating into the shallow, likely uncon-
fined aquifer is carrying surficial animal waste products into
the subsurface during recharge. Ranching in the surrounding
areas, mostly cattle and horses, could contribute to the micro-
biological signature observed in this shallow groundwater
well. Furthermore, because the well could not be adequately
purged prior to sample collection (see the “Methods” section),
the microbes may have been concentrated near the wellbore.

A nonmetric multidimensional scaling (NMDS) plot
using a UniFrac distance matrix shows that the four water
samples plot separately from each other, indicating some
differences in sample composition at the OTU level (fig. 64).
Notably, the Oakdale Field sample was the most distinct of the
four, and this difference was confirmed by using permutated
analysis of variance with the adonis2 function in the vegan
package of R (Oksanen and others, 2013), resulting in a R2
value of 1 and a p-value of 0.25 (fig. 64). This result may be
due to either the mixture of waters creating the Oakdale Field
sample or the open-air tank possibly causing changes in the
microbial community post-production. Multilevel pattern
analysis (multipatt function in the indicspecies package of
R; De Caceres and Legendre, 2009) was used on five groups
and did not identify any indicator species. The groups ana-
lyzed were (1) Candelario versus the remaining three water
samples, (2) Lewis versus the remaining three water samples,
(3) Oakdale Field versus the remaining three water samples,
(4) Rafter “K” Ranch versus the remaining three water
samples, and (5) the two Bravo Dome samples (Lewis and
Candelario) versus the Rafter “K” Ranch and Oakdale Field
water samples.

Data from Freedman and others (2017) were added to
the analysis to compare McElmo Dome, a commercial CO,
reservoir in Colorado, to Bravo Dome (fig. 6B). McElmo

Dome produces CO, at a comparable quality (approximately
99 percent CO, by composition) to Bravo Dome (Shelton and
others, 2016; Freedman and others, 2017). The six samples—
two from Bravo Dome, two from McElmo Dome well 3, and
two from McElmo Dome well 10—were dissimilar, the only
clustering being the two points for each McElmo Dome well.
An adonis2 analysis between the four McElmo Dome samples
(group 1) and the two Bravo Dome samples (group 2) yielded
an R2 value of 0.40 and a p-value of 0.067, indicating that the
differences across the groups are greater than the differences
within the groups.

The significance of relations between any hydrologic or
gas phase parameters (for example, Na*, SO42-) and microbial
community structure was tested with the envfit function in
the R package vegan. No hydrologic data were significantly
associated with the UniFrac-based ordination; p-values ranged
from 0.1250 (sodium) to 1.0000 (magnesium). Furthermore,
the associated gas composition data collected by Brennan
(2017) were used to determine if the CO, concentration (or
any other identified gas) had any significant linkage to differ-
ences in microbial community structure. No significant results
were obtained; the p-value for CO, concentration was 0.4800,
and p-values for helium (He), argon (Ar), N,, CHy, and
hydrocarbons measured in the gas with greater than or equal
to two carbon atoms (C,.) concentrations were all greater than
0.5. These results indicate that neither gas composition nor
water chemistry have any significant effect on the differences
between the microbial communities of the four water samples
collected for the current study.

This result is particularly interesting considering that the
Oakdale Field sample, when compared to the three other water
samples, is associated with an analysis of similarities R value
of 1 and a p-value of 0.25. The Oakdale Field water sample is
a composite of water from wells producing water and gas with
varying concentrations of CO, and was the only sample that
was not associated with gas at greater than 99 percent CO,.

It was also the only sample of the four that had co-produced
hydrocarbons and biogenic gas. Given that the CO, concentra-
tion was not a statistically significant driver of the microbial
differences observed between the four samples, differences in
CO, concentrations are not driving the observed differences in
microbial community structure.

These results differ from the findings of Ham and others
(2017), who observed significant variation between microbial
communities in two sites with high CO, concentrations. They
observed that some geochemical factors were significantly
associated with the microbial communities—total dissolved
solids, alkalinity, pH, strontium, lithium, cesium, and CH,—
and CO, concentrations were also linked to the microbial data
(Ham and others, 2017). Their results suggest that CO, con-
centrations, as well as some geochemical factors, may drive
the observed microbial community differences in CO,-rich
aquifers. The authors stated, however, that oxidation-reduction
(redox) conditions in the subsurface aqueous environment
may be more of a driving factor for microbial community
diversity than CO, concentrations, which may be applicable
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in the current study. These differences between the current under elevated CO, headspace and varying salinities. Six
study and the study by Ham and others (2017) may be due microbial functional groups (autotrophs, FeRB, methanogens,
to differences in DNA extraction methods, as observed by NRB, SRB, and heterotrophs) were successfully cultured from
others (Cruaud and others, 2014; Mazziotti and others, 2018),  both the Rafter “K”” Ranch and Oakdale Field water samples
or may be because the current study is more diverse in that (table 4). Water was not collected from the two Bravo Dome
the four samples analyzed were taken from three different sites for anaerobic cultivation. The most growth and activity
subsurface environments. were observed in cultures with media salinities approximating

that of the produced waters: 1 g/L NaCl for Rafter “K” Ranch
and 20 g/L NaCl for Oakdale Field. No growth was observed
in any of the cultivation controls (no inoculum).

GrOWth and Actl\"ty Of MlcrOblaI Heterotroph and NRB cultures grew to the highest
Functional Groups in the Rafter " K" densities, as indicated by visual observations, which is not

. surprising because they were provided high concentrations of
RanCh and Oakdale Fleld samples easily metabolized carbon substrates (peptone yeast extract
glucose and glycerol, respectively). Growth was observed

To assess the potential activity of microorganisms in a more quickly for heterotrophs compared to NRB cultures

CO, sequestration analogue, six microbial functional groups from the same media salinity, CO, level, and site. Despite
were targeted by using anaerobic cultivation in selective media ¢ ample growth and high level of biomass observed, nitrate

Table 4. Growth and activity for microbial functional groups enriched from the Rafter “K” Ranch and Oakdale Field water samples
under 20 or 100 percent carbon dioxide (CO,) headspace.

[Growth was assessed visually by changes in turbidity, with growth ranging from low (+) to high (++++) turbidity or no growth (—). The activity of iron-
reducing bacteria (FeRB) was confirmed by measuring accumulation of divalent iron, Fe(II). The activity of heterotrophs, autotrophs and methanogens was
confirmed by measuring accumulation of methane (CH,). Decreasing nitrate (NO53~) concentration confirmed the activity of nitrate-reducing bacteria (NRB).
For sulfate-reducing bacteria (SRB), the presence (+) or absence (—) of hydrogen sulfide (H,S) was used to confirm activity. The intensity of H,S production
was based on color change of lead acetate strips when in contact with a droplet of culture medium (none, no color change; +, faint color change; ++, moderately
strong color change; and +++, intense color change). g/L, gram per liter; mmol/L, millimole per liter; pmol/L, micromole per liter; NaCl, sodium chloride; ND,
none detected; BDL, below detection limit]

Inputs Outputs
Percent . Acetoclastic
Inoculum head- sallzllll?tl;l?g n FeRB growth/  SRB growth/ NRBNQ(;:_Wth/ I.Lit;rv(::/%ﬂl: Q'I:Jt\:)vttrholl():ill-ls,; methanogens
source space NaCl) Fe(ll) (mmol/L) H,S (mmol/L) (umol/L) (umol/L) growth/CH,
co, (umol/L)
Oakdale 20 1 +++/25.84 HHAr +/33.00 +++/2.05 +/5.33 +/0.96
Field 100 1 +++/17.00 e +++/28.42 ++0.01 +/7.34 +0.61
20 20 +++/19.21 EHAHRE ++/11.32 ++++/24.34 ++/9.59 +/0.01
100 20 +++/18.61 Snnainis +++/22.42 +++/2.65 ++/8.90 +/0.81
20 100 weak +/2.23 weak +/none +/38.10 ++/0.01 —/ND —/0.02
100 100 +/1.42 —/none —/40.25 ++/0.01 —/ND —/0.01
Rafter “K” 20 1 ++/7.65 +H/++ +++/0.04 ++/0.31 ++/11.75 —/0.01
Ranch 100 1 ++/8.46 /At +/40.14 +0.07 ++/7.94 —/BDL
20 20 —/1.02 +/+ +/30.39 +++/0.06 —/ND —/BDL
100 20 —/0.92 —/none ++/38.92 +++/0.04 weak +/0.09 —/BDL
20 100 —/0.97 —/none ++/33.87 —/0.23 —/ND —/0.01
100 100 —/0.97 —/none —/39.32 +/0.20 —/ND —/BDL
Control 20 1 —/1.07 —/none —/40.90 —/0.01 —/ND —/BDL
100 1 —/1.12 —/none —/38.92 —/0.01 —/ND —/0.01
20 20 —/1.07 —/none —/40.88 —/0.01 —/ND —/BDL
100 20 —/1.12 —/none —/41.75 —/0.01 —/ND —/0.01
20 100 —/0.92 —/none —/37.83 —/BDL —/ND —/BDL

100 100 —/0.82 —/none —/41.99 —/BDL —/ND —/BDL




was reduced in only a subset of the NRB cultures (table 4).
This result indicates that most organisms enriched in NRB
cultures were growing fermentatively and were not using the
supplemental nitrate as a terminal electron acceptor. Taken
together, these observations suggest that influxes of organic
carbon to either the Oakdale Field or Rafter “K” Ranch
groundwater could stimulate rapid microbial growth. The high
biomass resulting from the addition of organic-rich, ferment-
able substrates could lead to biofouling during in situ CO,
injection activities.

Methane production was observed under heterotrophic,
autotrophic, and methanogenic culture conditions (table 4).
Autotrophic cultures, which were supplied H, as electron
donor, were the most consistent producers of CHy, followed
by heterotrophic cultures from Oakdale Field, heterotrophic
cultures from Rafter “K” Ranch, and methanogenic cultures
from Oakdale Field. No growth was observed under metha-
nogenic conditions for cultures from Rafter “K” Ranch, and
the growth and activity under methanogenic conditions for
cultures from Oakdale Field were among the lowest of all
cultures across treatments, suggesting that either the acetate
supplied as electron donor and (or) the methanogenic culture
media were not metabolically favored by the microbiota of
either site. Hydrogenotrophic methanogenesis (CO, + 4H, —
CH, + 2H,0) was likely the source of all or most observed
CH,, with H, provided in autotrophic cultures or generated
through organic carbon degradation in the other cultures. The
organic carbon substrates provided (for example, citrate, lac-
tate, glucose, and glycerol) can be degraded via fermentation,
resulting in the production of H, (Madigan and others, 2012),
which can be used by hydrogenotrophic methanogens. The
viability of methanogens in the Rafter “K” Ranch and Oakdale
Field samples indicates that these populations have the poten-
tial to generate CH, in situ if a hydrogen source is available.

Significant iron and SO42- concentrations were found
in waters from both Rafter “K” Ranch and Oakdale Field
(table 2), so it is reasonable to suspect that anaerobic cycling
of both iron and sulfur occur in these groundwaters. Although
anaerobic oxidation of these elements was not tested, activ-
ity of FeRB and SRB was confirmed by production of Fe(II)
and H,S as end-products of trivalent iron (Fe[Ill]) and SO42~
reduction, respectively (table 4). Our results indicate that
Oakdale Field FeRB and SRB are versatile; they were able to
grow over a range of salinities and CO, levels, but FeFOOH
appeared to be a more favorable electron acceptor than SO,42-.
In contrast, Rafter “K” Ranch FeRB and SRB grew only at the
1-g/L-NaCl salinity, with only modest growth and activity, and
neither electron acceptor seemed to be favored. Thus, there
is potential for well souring via microbial SO,42- reduction at
both sites under the in situ conditions. Fluctuations in salinity
at Rafter “K” Ranch, however, could inhibit microbial iron
and SO42- reduction (as well as microbial growth in general),
whereas Oakdale Field microbes may show little response to
any (at least modest) change in salinity.
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Conclusions

Studies of natural CO, in reservoirs have the potential
to offer insight into the effects of geologic CO, sequestration.
Here, samples from four naturally occurring CO, reservoirs
were analyzed to determine how these CO,-rich habitats
affected the regional hydrology and microbial ecology of the
subsurface. Although the sample size was small (n=4) and
some sampling conditions were not ideal (for example, few
sample sites were available from the Bravo Dome commercial
unit), the hydrogeochemistry of the two Bravo Dome samples
generally aligned with regional hydrogeochemical trends. The
two Bravo Dome samples were geochemically different from
each other, possibly suggesting compartmentalization in the
reservoir, as suggested by previous studies. The Oakdale Field
sample was isotopically different from regional trends, and
the Rafter “K” Ranch sample was dramatically different from
regional legacy water data, possibly due to high DIC concen-
trations induced by the high CO, content in the well.

Although the microbial community composition of the
Oakdale Field sample differed from the other samples, the
microbial ecology of the four wells could not be tied to any
hydrogeochemical or gas geochemical parameters, nor were
any OTUs significantly associated with a site. Differences in
microbial ecology across the four sites may be linked to redox
conditions or differences in lithology. Although no hydrogeo-
chemical parameters were significantly associated with the
microbial ecology of the samples, they still may be influencing
the microbial community composition to some extent.

Distinct patterns in microbial growth and activity by site
underscore the importance of local groundwater geochemis-
try and microbial ecology in predicting the outcomes of CO,
injection into deep geologic formations. Moreover, the strong
stimulatory effects of nutrient amendments, particularly bio-
available carbon, on the elevated CO,-tolerant microbes show
that unintended influxes into the subsurface systems, such
as septic tank leakage, can greatly alter microbial responses.
Taken together, these observations suggest that natural bio-
geochemical conditions and regional anthropogenic activities
must be accounted for in the long-term planning of a CO,
injection project.
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