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Abstract Offshore oil-producing platforms are designed for
efficient and cost-effective separation of oil from water.
However, design features and operating practices may create
conditions that promote the proliferation and spread of
biocorrosive microorganisms. The microbial communities
and their potential for metal corrosion were characterized for
three oil production platforms that varied in their oil-water
separation processes, fluid recycling practices, and history of
microbially influenced corrosion (MIC). Microbial diversity
was evaluated by 16S rRNA gene sequencing, and numbers of
total bacteria, archaea, and sulfate-reducing bacteria (SRB)
were estimated by gPCR. The rates of >°S sulfate reduction
assay (SRA) were measured as a proxy for metal biocorrosion
potential. A variety of microorganisms common to oil produc-
tion facilities were found, but distinct communities were as-
sociated with the design of the platform and varied with dif-
ferent locations in the processing stream. Stagnant, lower tem-
perature (<37 °C) sites in all platforms had more SRB and
higher SRA compared to samples from sites with higher tem-
peratures and flow rates. However, high (5 mmol L") levels
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of hydrogen sulfide and high numbers (10’ mL™") of SRB
were found in only one platform. This platform alone
contained large separation tanks with long retention times
and recycled fluids from stagnant sites to the beginning of
the oil separation train, thus promoting distribution of
biocorrosive microorganisms. These findings tell us that track-
ing microbial sulfate-reducing activity and community com-
position on off-shore oil production platforms can be used to
identify operational practices that inadvertently promote the
proliferation, distribution, and activity of biocorrosive
microorganisms.

Keywords Offshore oil production platforms - Biocorrosion -
Microbially influenced corrosion - Sulfate-reducing bacteria

Introduction

The activity of microorganisms in oil reservoirs and process-
ing facilities can have undesirable effects on oil quality and the
infrastructure of the processing facility. Offshore oil-
producing platforms are subject to microbially influenced cor-
rosion (MIC; or biocorrosion) in addition to other types of
corrosion. Platform operators act to mitigate the damage
caused by MIC through the use of biocides or other control
chemicals, together with operational factors such as control-
ling the rate of fluid flow (Skovhus and Eckert 2014).
Untargeted, continuous biocide application to control MIC is
not a desirable or cost-effective option, especially with in-
creased regulatory scrutiny over the use of environmentally
hazardous chemicals (Bradley et al. 2011). A more effective
and less expensive approach for MIC primarily driven by
sulfate reduction would be to apply treatments to areas iden-
tified to have the greatest sulfate-reducing activity and, there-
fore, at the greatest risk of MIC. The biological production of
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sulfide, common in environments where marine waters are
routinely encountered, is of special concern because sulfide
is associated with oil souring and the corrosion of metal equip-
ment (Birkeland 2004; Duncan et al. 2009; Ferris et al. 1992).

Microorganisms contributing to MIC on an oil production
platform may originate from several possible sources, includ-
ing the reservoir itself. A combination of culture-independent
and culture-based approaches revealed that high-temperature
oil fields contain thermophilic bacteria and archaea
(L’Haridon et al. 1995; Magot et al. 2000; Head et al. 2003;
Gittel et al. 2009; Guan et al. 2014; Nazina et al. 2007;
Youssef et al. 2009) that are most likely indigenous to the
reservoirs. But when determining strategies to mitigate MIC
in an oil-water separation system, we need to look beyond the
origin of biocorrosive microorganisms and perform a compre-
hensive examination of the design and operation of the plat-
form to determine which of its features promote microbial
activity and proliferation. Factors that influence microbial
community composition and activity on the platform include
physiochemical conditions such as the availability of electron
donors and terminal electron acceptors, temperature, flow rate,
and salinity, which can vary along the oil-water separation
processing stream. Operational procedures (water recycling
back into production lines, exposure to air, and retention time
of fluids) or specific design features (closed drains and loops)
may create areas with an increased risk of MIC (Shaw et al.
2016). Thus, once inoculated with biocorrosive microorgan-
isms, the design and operation of the oil production facility
itself might play a crucial role in maintaining and distributing
these biocorrosive microorganisms.

We investigated the distribution of sulfate reduction activ-
ity and the diversity of microbial communities at three off-
shore oil-producing platforms located off the west coast of
Africa. The platforms differed in their design: the two first
platforms were based on a series of separation vessels with
short retention times (within 10 min) while the third one in-
volved separation tanks with much longer retention times
(several hours) and recycling of large volumes at the system
entrance. The objective of this study was to evaluate the im-
pact of these different system designs on the microbial diver-
sity and activity levels. It was of particular concern to deter-
mine the major source of sulfate-reducing microorganisms on
the platforms. Two scenarios were evaluated: (1) thermophilic
SRB are brought up from the high-temperature reservoirs and
continually inoculate the platform or (2) mesophilic SRB orig-
inate from surface water or injected seawater but proliferate on
board in stagnant sites and are distributed throughout the plat-
form during fluid recycling. Sequencing of 16S ribosomal
RNA (rRNA) gene libraries in samples taken from locations
throughout the processing facilities revealed differences in
community composition at the three platforms, and specific
design features, e.g., vessels that collected oily fluids and held
them at low temperatures, signaled sites of high SRA,
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demonstrating how operational features and platform design
affected the microbial communities and their activities.

Experimental procedures
Collection of samples

Samples from three offshore oil-producing platforms (assets
A, B, and C; Fig. 1) located on the Atlantic shelf of Africa in
the Gulf of Guinea were collected September—October 2013 at
various sites along the production lines. Samples for sulfate
reduction assays were collected into sterile bottles and closed
without a headspace. Samples for molecular analysis were
filtered on site (30 to 250 mL; 0.45-um pore size) and the
filters were preserved with either ethanol (60% v/v) or
DNAzol® (DN127, Molecular Research Center, Cincinnati,
OH), depending on the availability of preservative at each
platform. The effect of preservation method was tested at
some sites by collecting duplicate samples and preserving
them with either DNAzol or ethanol (Fig. S1). Samples B09
and B10 consisted of 5 g of sand collected from the sand pot of
the desander and preserved with DNAzol®. Samples were
received 1 to 2 weeks after collection and stored at —80 °C
prior to DNA extraction. Note that not all assays were per-
formed on every sample.

Sulfate reduction assay (SRA)

The rates of sulfate reduction in samples were measured using
a radiotracer technique (Ulrich et al. 1997). In brief, samples
(10 mL, in triplicate) were dispensed into sterile anoxic bottles
in an anaerobic chamber and supplemented with 2 uCi
Na,>’S0, per bottle from an anoxic sterile stock solution.
The *3SO* ; amendments did not measurably change the orig-
inal concentration of sulfate in the sample (Ulrich et al. 1997).
The bottles were incubated from 2 to 5 days at temperatures
close to the respective ambient temperatures and, in some
instances, in parallel at a lower temperature. Following the
incubation period, the pool of total reduced inorganic sulfur
compounds was extracted by chromium reduction, volatilized
by strong acid, and trapped in 10% Zn-acetate solution. The
amount of **S in an aliquot of the trap solution was quantified
by scintillation counting.

Anion analysis

Particulates, including microbial biomass, were removed from
liquid samples by filtration through a polyethersulfone filter
(0.22-pum pore size) prior to anion analysis. Samples were
divided for chloride and sulfate analyses and serially diluted
10-fold with 18.2 M H,O. Dissolved halides were removed
by precipitation using the Dionex OnGuardIl Ag and Na
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stage separator

cartridges (Dionex, Thermo Scientific Inc.) assembled in se-
ries as described by the manufacturer. Chloride and sulfate
concentrations were determined by suppressed-ion chroma-
tography using a Dionex ICS-1000 equipped with AS4A-SC
Guard and analytical columns (4 mm) and AERS-500 sup-
pressor (27 mA) operated isocratically (2.0 ml min") with a
carbonate (1.8 mM)/bicarbonate (1.7 mM) buffer mobile
phase. Analyte concentrations were determined relative to ex-
ternal standards for each sample.

DNA extraction

Filters or other solid samples, together with preservative
fluids, were placed in 50-mL sterile centrifuge tubes with
0.5 to 1 mL nuclease-free water, 10 uL Proteinase K
(>600 mAU/ml, Qiagen, Germantown, MD), and 10 pL
10% sodium dodecyl sulfate (Sigma-Aldrich, St. Louis,
MO), vortexed briefly at maximum speed, and incubated at
50 °C for 30 min. The RNA lysis buffer and RNA dilution
buffer (250 uL each) from the Maxwell®16 Tissue LEV Total

RNA purification kit (Promega, Madison, WI) were added to
the tube containing the filter and vortexed briefly at maximum
speed. Fluid from the tube was split between two Maxwell
cartridges and DNA was extracted using the Maxwell instru-
ment programed to operate in DNA mode (Oldham et al.
2012). The two extractions were pooled, and DNA was quan-
tified by fluorometry using the Qubit® dsDNA HS Assay
(Life Technologies, ThermoFisher Scientific, Carlsbad, CA).

16S rRNA library preparation and sequencing

A 16S rRNA gene library was amplified by PCR from each
DNA extraction. The primers used in the initial amplification
generated amplicons that spanned the V4 region of the 16S
rRNA gene between positions 519 and 802 (E. coli number-
ing), and produced a PCR amplicon of about 300 bp in length.
The forward primer (M13L-519F: 5'-GTA AAA CGA CGG
CCA GCA CMG CCG CGG TAA-3") contains the M13 for-
ward primer (in bold), followed by the 16S-specific sequence
(underlined). The reverse primer (785R: 5'-TAC NVG GGT
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ATC TAA TCC-3') was taken directly from the primer “S-D-
Bact07850b-A-18" in Klindworth et al. (2013). Each 25 uL.
PCR reaction consisted of 1x Taq buffer with (NH4),SO4
(Fermentas, Glen Burnie, Maryland), 1.5 mM MgCl,,
0.2 mM each dNTP, 0.2 uM of the forward and reverse prim-
er, 0.625 U of Taqg DNA polymerase (Fermentas), and 2 pL of
extracted DNA. Thermal cycling was carried out in a Techne
TC-512 thermal cycler (Techne, Burlington, NJ) using the
following conditions: initial denaturation for 3 min at 96 °C;
30 cycles of 30 s at 96 °C, 45 s at 52 °C and 45 s at 72 °C; and
a final extension for 10 min at 72 °C. Duplicate PCR reactions
for each sample were combined and purified using Ampure®
XP paramagnetic beads (Beckman Coulter, USA) according
to manufacturer’s protocols. A second 6 cycle PCR was used
to add a unique 12 bp barcode (Hamady et al. 2008) to each
amplicon library using a unique forward primer containing the
barcode+M 13 forward sequence (5'-3') and the 785R primer.
The resulting barcoded PCR products were purified using
Ampure® XP paramagnetic beads (Beckman Coulter), quan-
tified using the Qubit® HS assay (Life Technologies,
Carlsbad, CA, USA), pooled in equimolar amounts, and con-
centrated to a final volume of ~80 pL using two Amicon®
Ultra-0.5 mL 30 K Centrifugal Filters (Millipore). The final
pooled library was then submitted to the Oklahoma Medical
Research Foundation Genomics Facility (Oklahoma City,
OK, USA) for sequencing on the MiSeq platform using
PE250 V2 chemistry. All sequences were deposited in the
short read archive under accession no. SRX1989442.

Sequence analysis

The sequence reads were merged using PEAR (Zhang et al.
2014), de-multiplexed in QIIME (Caporaso et al. 2010b), and
UPARSE (Edgar 2013) was used to filter the sequences by
quality and assign operational taxonomic units (OTUs) at a
cutoff of 97% sequence similarity. After de-replication in
UPARSE, taxonomy was assigned using the RDP Naive
Bayesian classifier (Wang et al. 2007) and the SILVA database
(Release 111) (Pruesse et al. 2007). All OTUs were aligned
with pyNAST (Caporaso et al. 2010a) against an aligned ver-
sion of the SILVA rl111 database, and filtered to remove
uninformative bases. Finally, a tree was produced with
FastTree (Price et al. 2010) for P-diversity analyses.
The (-diversity was estimated using the weighted
UniFrac index (Lozupone and Knight 2005).

Quantitative PCR

The number of bacterial and archaeal 16S rRNA gene copies
was estimated using the primers 27F and 338R (bacteria) or
AS8F and 344R (archaea) as previously described (Stevenson
etal. 2011). Estimates of the copy number of a gene coding for
an enzyme essential for sulfate reduction, adenosine-5'-
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phosphosulfate reductase (aprA), were assayed with primers
RHI1apsF and RH2apsR (Ben-Dov et al. 2007). Thermal cy-
cling, data acquisition, and analyses were carried out with the
StepOnePlus™ Real-Time PCR System and StepOne
Software v2.1 (Life Technologies, Carlsbad, CA). Cycling
conditions were described in Stevenson et al. (2011) and
Ben-Dov et al. (2007), respectively. For each qPCR run, a
1:10 dilution series of a control DNA plasmid containing a
bacterial or archaeal 16S rRNA gene sequence or aprA gene
sequence was used to generate a 7-point standard curve.
Standards were assayed in duplicate and samples
assayed in triplicate.

Results
Site description

The three oil production platforms (assets A, B, and C) were
located off the western coast of Africa in the Gulf of Guinea. A
schematic diagram of the production lines at assets A, B, and
C is depicted in Fig. 1. Assets A and B had reservoir temper-
atures of 50 °C and 60 to 70 °C, respectively. The reservoir oil
serviced by asset A was 30.6° API gravity while the oil pro-
duced at asset B was heavier (23.68° API gravity). Asset C
serviced a light crude oil (36° API) from two different forma-
tions with estimated reservoir temperatures of 70 and 110 °C.
The fluids from assets A and B at almost all sampling points
were higher in salinity than seawater (60-103 g L™' NaCl,
Table 1). The salinity of fluids sampled from asset C was
similar to seawater (21.8-32.6 g L"), except for the sample
from the oil-water separator handling fluids from the
110 °C formation (141 g L', CO1, Table 1). The level
of sulfate in all assets was low (20 to 192 uM, Table 1)
compared to levels in seawater but sufficient to support
maximum rates of sulfate reduction (Dalsgaard and Bak
1994; Ingvorsen and Jergensen 1984).

Process description on A and B assets

The oil-water separation process follows a three-phase sepa-
ration design based on a succession of vessels connected by
metal tubing (“process piping”). A simplified version of the
processing system is presented in Fig. 1. The sample label
designations are ordered according to their relative position
in the processing stream.

Pipelines and risers transport oil, gas, and water from the
reservoirs to the separation vessels on the platforms. The wa-
ter produced during the Ist separation phase and the subse-
quent desalting, desanding, and deoiling operations is collect-
ed into the degassing vessel where additional removal of oil
(and other contaminants) occurs via a hydrocyclone. The av-
erage fluid retention time in all these vessels is quite low:
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Table 1 Geochemical

characterization of samples Sample label ~ Sample origin ~ Sample T(°C)  Salinity (g/L)  Sulfate (uM)
(Asset) description
AO01? A Ist stage separator 50 NI NI
A02 A 1st stage separator 50 NI NI
A03 A Desalter 60 36.9 168
A04 A PW cleanup (hydrocyclone) 65 60.8 180
A05 A Closed drain vessel 31 78.9 192
BO1 B Riser AR 50 96 82
B02 B Riser AL 50 79.5 65
B03 B Riser BL 50 103 74
B04 B Riser BR 50 NI NI
B05 B Ist stage separator A 50 NI NI
B06 B Ist stage separator B 50 NI NI
BO7 B Desalter 60 75 67
B08 B Desalter 65 NI NI
B09 B Desander A 60 NI NI
B10 B Desander B 65 67.3 34
BI11 B Desander B 65 67.3 NI
B12 B Deoiler A 60 62.9 71
B13 B Deoiler B 65 60 NI
B14 B Closed drain vessel 35 102 54
Co1 C 1st stage separator 67 141 86
C02 C 1st stage separator 62 44.7 44
Co03 C Desalting tank A 50 22.66 20
Co04 C Desalting tank C 50 25.46 39
C05 C Closed drain 30 32.6 30
Co06 C PW decantation tank 47 22.55 87
co7 C Downstream PW 47 21.8 87

Decantation tank

Salinity: g/L NaCl

NI no information, PW produced water

#Not all assays (QPCR, 16S sequencing, SRA) were performed on every sample

approximately 10 min per vessel. The separated water is re-
injected into the reservoir or discharged into the sea. Crude oil
obtained through the processing stream is stored in cargo
tanks until it is transported.

A network of drains consisting of the closed drains net-
work and hazardous open drains network runs throughout
the platform and receives liquids occasionally drained from
process vessels or spilled. The only recirculated fluids (e.g.,
oil and/or water) on assets A and B are the fluids collected by
the drains network and gathered into the closed drains vessel.
All these collected fluids can remain stagnant for several
days atambient temperature before their re-routing upstream
to the oil-water separator at the locations depicted in Fig. 1. It
is a common practice in the oil industry to recycle any
hydrocarbon-laden fluids back into the oil/water separation
process to be treated. Forassets A and B, the volume of fluids
recycled from the closed drains is quite low—>50m® day ™

maximum returning to a vessel with a total water flow rate
ofupto 700 m>h™!. In other words, at the separator inlet, the
fluids coming from the closed drains account for <0.3% of
the volume and these are the only fluids recirculated to the
start of the separation chain. Note that the ambient tempera-
ture in the closed drains vessel (30 °C) is lower than else-
where in the process stream (Table 1).

Process description on asset C

Asset C production facilities are quite different, with up to
20% of the separated produced water being recirculated up-
stream of the 1st stage separators and longer retention times
throughout the process. Crude oil desalting on asset C is per-
formed in tanks with much larger volumes than the successive
process vessels used on assets A and B, to improve water
settling and oil-water separation efficiency (Fig. 1). The
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produced water is then routed to a large (7000 m®) produced
water decantation tank, and sent for additional purification
using hydrocyclones before being re-injected into the reser-
voir. The average retention time in asset C desalting tanks and
produced water decantation tanks can vary from 5 to 10 h
which is much longer than the average 10 min retention time
for assets A and B. The oily water phase of the produced water
decantation tank is recycled upstream of the st stage separa-
tor—up to 200 m’ hfl, 1.e., as much as 20% of the total inlet
fluid (oil + water) at the 1st stage separator can come from the
produced water decantation tank. As noted, the relatively low
concentration of electron acceptor is unlikely to limit the bio-
logical sulfate reduction rate, but the amount of sulfide gener-
ated is a function of the large volume of production fluids
fluxing through the system. Finally, closed drains containing
the same types of oily fluids as on A and B facilities are also
recirculated into the asset C decantation tank.

Corrosion evaluation

Asset A experienced no significant corrosion in the process
piping connecting the processing vessels. The fluids in the
processing vessels have an estimated pH value of 6.0—
6.2 (pH calculations based on ISO 15156, Annex D
2009) and a low predicted CO, corrosiveness: 0.1 to
0.3 mm year ' expected if no preventive action was
taken (operator in-house software calculation).

In asset B, the estimated pH values are lower (5.5-5.8) with
a higher predicted corrosion rate if no mitigation is applied
(high—1 to 2 mm year ', and 2 to 4 mm year ' in an erosion-
corrosion scenario, NACE Standard SP0775-2013). Important
internal corrosion issues were experienced on the topsides of
this asset, but they occurred at areas of high fluid velocity
where MIC was unlikely. The actual corrosion rates experi-
enced were generally in the range predicted by the in-house
model in the case of no mitigation. The profile and aspect of
the internal pipe wall after inspection was either typical of
generalized CO, corrosion or flow-oriented erosion-corrosion
grooves (Chilingar et al. 2008). This strongly suggests that the
corrosion experienced was mostly related to the high CO,
content causing generalized corrosion and erosion-
corrosion in areas of high velocity, because of a lack
of mitigation efficiency.

Asset C also had a predicted corrosion rate considered high
(1to2 mm yearfl) if no action was taken, with an even lower
calculated pH (5.3) than on asset B. The experienced corro-
sion was higher (4 to 6 mm yearfl), but in this case, it was not
considered to have been caused by a high velocity; instead,
very rapid localized and “pitting type” corrosion was experi-
enced at several locations on the process piping. Interestingly,
many of these were on vertical sections, with sufficient fluid
velocity predicted to prevent a significant development of a
microbial biofilm (Chilingar et al. 2008). However, dissolved
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hydrogen sulfide was present in the produced water decanta-
tion tank in levels as high as 5 mmol L™". The origin of the
H,S and the cause of severe localized corrosion experienced
on asset C are still under investigation but it is suspected that
the high H,S levels present in the decantation tank may be
partly responsible for the localized corrosion experienced, by
causing preferential corrosion from an active iron sulfide con-
taminated surface.

Numbers of bacteria, archaea, and sulfate-reducing
bacteria (SRB) as estimated by qPCR

Estimated copies of bacterial 16S rRNA genes ranged
from 10* mL™' in the 1st stage separator of asset C
(CO1) to more than 10° mL™' in the closed drain vessel
in asset B (B14) and more than 10° g71 sand from the
asset B desander (B10, Fig. 2, Table S1). Estimated
copies of aprA, a surrogate for SRB numbers, likewise
varied widely, from less than 200 mL ™' in various risers
and 1st stage separators to 2 x 10° mL™' (B14) and
1 x 10° g' (B10) in asset B (Table S1). Members of
the archaeca made up a very low percentage,
representing 1% or less of all samples (based on 16S
rRNA gene primers specific for archaea, Table S1).

Of the three samples from asset A assayed by qPCR,
the closed drain vessel (A0S, ~10% mLfl) had the
highest abundance of bacterial 16S gene copies
(Fig. 2, Table S1). The number of SRB, quantified as
copies of the gene coding for APS (aprA), was estimat-
ed to range from 4.7 x 10> mL™"' (A04) to ~10* mL™"
(A05).

Asset B samples allowed us to track numbers
throughout the process stream. Risers (B02, B03,
B04), which convey fluids and gases from the reservoir,
had lower estimated numbers of bacteria (<10’ mL ')
while samples taken downstream in the processing unit
(desalting/desander/deoiler) generally had higher num-
bers of bacteria and SRB. Note that the closed drains
vessel (B14), which holds collected fluids, was estimat-
ed to have high numbers of bacteria and SRB (>109,
>10° mL™" respectively, Fig. 2, Table SI).

Asset C also showed a general increase in the bacte-
rial numbers and SRB along the processing stream.
Similar to the results from asset A, the number of bac-
teria in asset C samples, as estimated by 16S rRNA
gene copies, was lowest in a sample originating closest
to the reservoir (COI, 1 x 10* mL™', Ist stage separa-
tor), higher in the desalting tanks (C03 4 x 10°, C04
6 X 106), still higher in the closed drain vessel (COS5,
5 x 10" mL™") which feeds into the produced water
decantation tank by way of the degasser, and highest
in the produced water decantation tank itself (CO06,
5 x 10® mL™", Fig. 2, Table SI).
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Fig. 2 Copy number of 16S rRNA genes mL'of sample for bacteria
(white bars) and aprA genes (black bars) based on qPCR analysis. Error
bars indicate standard deviation of means (n = 3). Samples A03—-A05,

Sulfate-reducing activity

The rates of sulfate reduction were determined on a variety of
samples taken from the processing facilities of all three plat-
forms and referenced to those of sterile controls (e.g.,
“baseline” values). Relatively high rates of sulfate reduction
(e.g., 100-fold higher than baseline) were detected in the
closed drain (A05) of asset A at ambient atmospheric temper-
ature (31 °C) while samples from the desalter (A03, 60 °C)
and produced water cleanup (A04, 65 °C) had sulfate reduc-
tion activity near baseline levels (Table 2).

In asset B, the rates of sulfate reduction in samples taken
from three risers (BO1, B02, B03) at the ambient temperature
(50 °C) did not exceed that of the baseline (Table 3), except for
B02, which was approximately threefold higher than the base-
line. Rates near baseline were also detected in the samples
from desalter A (B07) and deoiler A (B12) at 60 °C. The only
high-temperature sample with higher rates (e.g., >10-fold
baseline) of sulfate reduction was the sample from desander
B (B10), at 65 °C. However, the desander sample consisted of
a fluid and sand slurry and so was not directly comparable to
the fluid samples. As with the closed drain sample from asset
A, a relatively high sulfate reduction rate (>10-fold baseline)
was observed at 35 °C in the asset B closed drain (B14).

The low rates of sulfate reduction in asset B risers
suggested that thermophilic sulfate reducers transported
with the fluids from the deep reservoir do not substan-
tively contribute to sulfide production in this particular
offshore production facility. Alternatively, heat tolerant
mesophilic organisms and true mesophiles could be car-
ried from the hot subsurface to above the ground facil-
ities where they have a better opportunity to proliferate.
To test whether mesophilic SRB were indeed present in
the risers, we incubated samples from two risers at
37 °C. However, sulfate reduction activity remained
low in the BO1 sample and decreased to baseline levels
in the B02 sample (Table 3).

B02-B15, and C01-C07 were collected from assets A, B, and C,
respectively. A05, B14, and C05 are samples from the low-temperature
closed drains vessels

The rates of sulfate reduction in asset C samples
taken from high-temperature sites were generally low
and often did not exceed baseline values. However,
samples taken from a site with a lower temperature
were definitely associated with higher sulfate reduction
rates. The closed drain vessel CO5 had the lowest am-
bient temperature (31 °C) and its rate of sulfate reduc-
tion exceeded that of the other samples incubated at
ambient temperature by 20-fold. The SRA assay for
the produced water decantation tank sample (C06),
downstream from the closed drains vessel, was run in
parallel at two different temperatures: at the ambient
temperature of 47 °C and also at a lower temperature
equal to the estimated atmospheric temperature of
30 °C. As summarized in Table 4, the rates of sulfate
reduction for sample C06 at 30 °C were more than 50-
fold higher than that measured at 47 °C incubations.
This demonstrates that lower ambient temperatures
markedly increase the rate of sulfate reduction from
the resident microbial community in this sample. A de-
tailed examination of the relationship between tempera-
ture and rate of sulfate reduction, however, was beyond
the scope of this project.

Table 2 Sulfate reduction activity along production lines in asset A
Sample T °C ambient T °C incubation SRA
umolS/L/d
A03 desalter 60 60 1.9+0.8°
A04 PW cleanup 65 65 1.9+0.26
AO5 closed drain vessel 31 31 121 +11
Baseline” 1.240.02

SRA sulfate reduction assay, PW produced water
# Average and 1 standard deviation of three replicates

® Baseline sulfate reduction was estimated from three sterilized samples
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Table 3  Sulfate reduction activity along production lines in Asset B
Sample T °C ambient T °C incubation SRA
pumolS/L/dp
BOI riser AR 50 50 0.29 +0.04*
37 0.29 +0.04
B02 riser AL 50 50 0.64 £ 0. 055
37 0.18 £0.006
BO03 riser BL 50 50 0.22 +0.04
BO07 desalter A 60 60 0.186 £ 0.01
B10" desander B 65 65 3.9+0.001
B12 deoiler A 60 60 0.23 +0.02
B14 closed drain vessel 35 35 3.4+0.02
Baseline® 0.237 +£0.08

SRA sulfate reduction assay, PW produced water
 Average and 1 standard deviation of three replicates
®B10 was fluid slurried with sand

¢ Baseline sulfate reduction was estimated from seven sterilized samples

Diversity of microbial communities among and
within assets A, B, and C

Sequencing of 16S rRNA gene libraries was used to assess the
bacterial and archaeal diversity in samples from the three off-
shore oil-producing platforms. The 58,276 sequences obtain-
ed from the 22 samples clustered into 420 operational taxo-
nomic units (OTUs), which were binned at 97% similarity.
The smallest library contained 167 sequences and the largest
contained 9094, with a mean of 2649 and a median of 2035
(Table S2). The archaeca formed a small percentage of the
sequences in each asset, with no sequences being affiliated
with those of the Archaeoglobi, the only known sulfate-
reducing archaea.

Samples collected from asset A had temperatures ranging
from 50 to 65 °C, with the closed drain site at 31 °C (Table 1).

No significant corrosion was noted on this asset (asset opera-
tor, personal communication) and indeed it had low numbers
of SRB relative to other assets based on qPCR and a low
relative abundance of sequences of known sulfate reducers.
Members of the Clostridiaceae and unclassified Clostridiales
were the most abundant taxa in two of the sites in this asset
(Fig. 3), with OTUs most closely related to members of the
genus Caminicella as the most abundant taxon (42 and 65%
relative abundance for A03 and A04, respectively, Table S3).
The biocorrosion potential of Caminicella and other dominant
taxa described below is summarized in Table S4.

Thelow-temperatureclosed drainsample (A05)hadadistinctive
microbial community compared to A03 and A04, with a markedly
lower relative abundance of Caminicella (8.3%) and a higher rela-
tive abundance of the genus Marinobacter (Alteromonadales,
22.6%, other sites <2%) and of the genus Arcobacter
(Campylobacterales, 8.3%, Hubert et al. 2012; Roalkvam et al.
2015).

Temperature from asset B (Table 1) ranged from 50 °C for sam-
ples taken closest to the formation and from the 1st stage separator,
60-65 °C from the desalting/deoiling vessels later in the processing
stream, and 35 °C at the closed drain vessel. The overall density of
microorganismsinsomesamples fromasset Bwashigherrelativeto
the otherassets (Fig. 2, Table S1). Although Clostridiales formed a
large proportion of the asset B samples (Fig. 3), asset B sites
contained a somewhat lower relative abundance of Caminicella
(highest was 25%, B06, Table S3) than asset A samples A03 and
A04.However, threeasset B samples contained OTUs mostclosely
related to the genus Garciella (Order Clostridiales) at>10% (B02,
B06, B07). Other taxa at greater than 10% relative abundance
included OTUs most closely related to members of the genera
Thermoanaerobacter (Thermoanaerobacterales, Roh et al.
2002; B07, B08, B12, B13—desalter and deoiler), Pelobacter
(Lovley et al. 1995; sulfur/iron-reducer, Desulfuromonadales,
B05, B06, B07, B08, B09, B13, B14—from the 1st stage sep-
arator on throughout the system), Arcobacter (B09, B10, B11,

Table 4 Sulfate reduction

activity in asset C Sample T °C ambient T °C incubation SRA
pumolS/L/d
CO1 1st stage separator 67 65 0.3+0.03*
CO02 1st stage separator 62 65 0.145 £ 0.015
CO03 desalting tank A 50 50 0.675 +£0.01
C04 desalting tank C 50 50 0.455+0.01
CO05 closed drain 30 31 15+0.37
C06 PW decantation tank 47 47 036 +0.02
30 28+3
C07 downstream PW decantation tank 47 47 0.34 £0.03
Baseline® 0.15+0.06

SRA sulfate reduction assay, PW produced water

# Average and 1 standard deviation of three replicates

® Baseline sulfate reduction was estimated from seven sterilized samples
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B12, all >24%), Sulfurospirillum (Kodama et al. 2007), and
Marinobacter (AB02, B04, B10, B11). The closed drain vessel
sample B14 was noteworthy for a high relative abundance of
members of the genus Halanaerobium (43%, Halanaerobiales,
Ravotetal. 1997; Cluff et al. 2014). Sample B14 also contained
the highest relative abundance of members of the genus
Geotoga (11%, Thermotogales) in the set of samples.

Asset C (Fig. 1b, Table 1), in common with the other two
assets, contained samples with temperatures ranging from
47 °C to 62 °C with the exception of the closed drains vessel
sample (30 °C, C05). However, the salinity of most asset C
samples was similar to seawater, lower than that of the other

Fig. 3 Comparison of microbial
communities based on 16S rRNA
gene sequences, showing the
relative abundance (%) of
different bacterial orders. A0S,
B14, and CO05 are samples from
the low-temperature closed drains
vessels. Samples C02—C07 have
salinity near that of seawater, and
all other samples have much
higher salinity (Table 1)

Relative Abundance (% of total)

Fig. 4 Principal coordinate PC2 (20. liﬂ o)

analysis of weighted UniFrac ’ (07
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affiliated with Thermoanaerobacter and also those similar to
Thermacetogenium (Table S3). Sequences affiliated with the genus
Desulfonauticus (sulfate-reducing, Desulfovibrionales) reached
highest relative abundance (26%) in the closed drain sample
(C05) and were found at >3% relative abundance in all asset C
samples but at <1% in samples from assets A and B.

Comparisons of the community structure for the libraries
comprising 1000 or more sequences from each asset show a
separation between samples associated with solid surfaces
(e.g., sand, B10, B11) versus fluid samples (Fig. 4). Fluid
samples themselves from the same asset appear to cluster ac-
cording to their position in the processing platform.
Processing alters the fluid chemistry of the production water
stream by incrementally removing oil, gas, and diluting out
salt. The closed drains samples from assets A and B, which are
low temperature (31 °C, 35 °C) but with salinity greater than
that of seawater, cluster separately from the other samples and
from the closed drains of asset C (C05), which has a salinity
close to that of seawater.

Discussion

Many of the microorganisms in high relative abundance on each
asset are associated with oil reservoirs, oil production systems,
and/or implicated in cases of MIC (Duncan et al. 2009;
Grabowski et al. 2005; Head et al. 2003; Lenhart et al. 2014;
Magot et al. 2000; Miranda-Tello et al. 2003; Ravot et al. 1997,
summarized in Table S4). This is not surprising since offshore oil
platforms provide habitats conducive to the proliferation of cer-
tain microorganisms (Shaw et al. 2016). Sulfate and iron are
potential major terminal electron acceptors, as well as oxygen if
there are sites with leaks from the atmosphere, while heterotro-
phic fermentative microorganisms are typical members of anaer-
obic communities associated with the production of petroleum
(Magot et al. 2000; Ollivier and Cayol 2005). Sources of carbon
and nutrients include the petroleum hydrocarbons as well as a
wide variety of chemicals used in oil production (corrosion
inhibitors, scale inhibitors, emulsion breakers, etc., Videla et al.
2000; Duncan et al. 2014) and organic material from injected
seawater. Despite the availability of petroleum hydrocarbons as
an electron donor few typical groups of anaerobic hydrocarbon
degraders were found (Rabus et al. 2016). Rather, facultatively
anaerobic members of the Marinobacter and Marinobacterium
genera (Gammaproteobacteria) that are capable of aerobic
hydrocarbon degradation (Gauthier et al. 1992; Grimaud
2010; Yakimov et al. 2005) were found in abundance in assets
A and B (Table S4). Marinobacter and Marinobacterium were
absent from asset C; instead, there is a high relative abundance
of OTUs most closely related to WCHB1-69 (Bacteroidetes;
Sphingobacterales) and a lower abundance of other
Bacteroidetes (Table S3). WCHB1-69 has been found in aqui-
fers contaminated with hydrocarbons and solvents (Dojka et al.
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1998) and also associated with the degradation of algae under
anaerobic conditions (Morrison et al. 2017). Marine
Bacteroidetes degrade biopolymers such as proteins and chi-
tins, part of the dissolved organic matter in oceans (Bauer et al.
2006). The design of asset C promotes greater efficiency of oil
removal, which may in turn have given an advantage to
biopolymer-degrading Bacteroidetes over hydrocarbon-
degrading Gammaproteobacteria.

A variety of types of microorganisms have been implicated
in contributing to MIC in the oil and gas industry: acetogens,
fermentative, thiosulfate-reducing, sulfate-reducing, iron-re-
ducing, sulfide-producing archaea, and methanogens, among
others (Liang et al. 2014; Skovhus et al. 2017). In addition,
certain lithotrophic sulfate-reducing bacteria are able to perform
“electrical microbially influenced corrosion” (EMIC) by
accepting electron directly from iron (Enning et al. 2012). As
shown in Table S4, a variety of microorganisms with the po-
tential to enhance corrosion were found in all three assets. Asset
C, however, is noteworthy for having both sites of pitting cor-
rosion and high levels of hydrogen sulfide. The latter suggests
we should focus on the sulfide production potential of each
asset’s microbial communities. Based on both qPCR and 16S
RNA gene sequencing, assets A and B have few OTUs identi-
fied as those of sulfate-reducing microorganisms (all samples
less than 1% relative abundance, Tables S3 and S4). These
assets instead are characterized by a high relative abundance
of fermentative microorganisms capable of sulfide production
from sulfur, thiosulfate, or organic-sulfur compounds such as
cystine (Tables S3 and S4). Over 40% of the sequences from
the closed drains vessel in asset B (B14) were classified as
members of the genus Halanaerobium. Some species of
Halanaerobium can produce hydrogen sulfide from thiosulfate
(Zeikus et al. 1983; Cayol et al. 1994; Ravot et al. 1997, 2005),
but none can reduce sulfate. Assets A and B were also note-
worthy because they contained a high relative abundance of
sequences most closely related to those of Caminicella, a ther-
mophile which can produce hydrogen sulfide in the presence of
elemental sulfur, cystine, or thiosulfate (Alain et al. 2002). All
these organisms can also grow fermentatively using acetate and
other volatile fatty acids. Aside from the closed drains on asset
A (and B to a lesser extent), there was no observation of hydro-
gen sulfide in any other vessel from assets A or B (operator
personal communication). The asset A closed drains showed a
very high SRA (Table 2) but the sulfide generated is most likely
not detected anywhere else in the asset because the closed
drains fluids are significantly diluted as they get recycled.

In asset C, sulfate-reducing bacteria (e.g., members of the
genera Desulfonauticus, Desulfotomaculum, and
Thermoacetogenium) constituted a substantial proportion of
the microbial community. Desulfotomaculum was at a relative
abundance between 7 and 11% for four of the 5 asset C sam-
ples and Thermoacetogenium at >5% for all asset C samples
while Desulfonauticus was at 26% in the closed drains (C05).
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The type strains of the two described species of the genus
Desulfonauticus (D. submarinus and D. autotrophicus,
Desulfovibrionales) are moderately thermophilic sulfate re-
ducers isolated from oil-production water and marine hydro-
thermal vents (Audiffrin et al. 2003; Mayilraj et al. 2009).
They do not form spores and cannot grow under conditions
of high salinity, such as found in many samples from assets A
and B (Table 1). Likewise, Thermoacetogenium phaeum is not
highly halotolerant, with an upper limit of growth at 4.5%
NaCl (Hattori et al. 2000). Thus, the salinity levels in assets
A and B may promote highly halotolerant groups such as
members of the genus Halanaerobium while excluding
Desulfonauticus and Thermoacetogenium.

The estimated number of SRB in asset C as determined by
gPCR was much lower than would be predicted from the
relative abundance of Desulfonauticus in16S RNA gene li-
braries multiplied by the estimated number of bacteria in asset
C samples. However, commonly used primers for dsrAB (as
noted by Vigneron et al. 2016) and aprA (this study) contain
multiple mismatches to the corresponding sequences of
D. submarinus and D. autotrophicus, leading to underestima-
tion of their abundance by qPCR. Recalculating the estimated
number of SRB by multiplying the total number of bacteria
(from qPCR) by the relative abundance of Desulfonauticus
(from 16S data) gives an estimated number of SRB in the
closed drains of asset C (C05) of 107 mLfl, far higher than
the SRB estimate for asset A closed drains (A05, 10*mL ") or
asset B closed drains (B14, 2 x 10° mL ™).

The high numbers of SRBs in the asset C closed drains vessel
suggest that SRBs proliferate on board the platform in stagnant
sites and are then distributed through recycling fluids. However,
an alternative hypothesis for the origin of SRBs is that thermo-
philic SRB are brought up from the high-temperature reservoirs
and continually inoculate the platform. Parallel incubations for
SRA at different temperatures were employed to aid in diagnosing
the origin of sulfate-reducing microorganisms. Samples from the
asset B risers (our closest point of sampling to the reservoir) incu-
bated in parallel at the ambient temperature of 50 °C and at atmo-
spheric 30 °C had similarly low SRA values, which argues that
neither mesophilic nor moderately thermophilic bacteria from the
asset B reservoir were contributing substantially to sulfate reduc-
tion activity on this platform. The temperature of asset C reservoirs
(110 and 70 °C) makes the reservoir fluids unlikely to be a major
continuing source of Desulfonauticus at least since the highest
temperature that permits growth for the two described species is
around 60 °C and neither species forms spores (Audiffrin et al.
2003; Mayilraj et al. 2009). Therefore, we suggest that prolifera-
tion of Desulfonauticus occurs on the platform, especially within
the closed drains vessel, where it reaches a relative abundance of
26%.

In summary, on assets A and B, stagnation occurs for sev-
eral days in mesophilic conditions that can be favorable for
bacterial proliferation. However, the stagnating volumes are

small and the fraction of fluids recirculated is low. On asset C,
however, the fraction of fluids recirculated is much higher
overall: any microbe entering the separation process from
the reservoir or from the closed drains could in fact remain
in circulation for a significant amount of time. Because of this,
the asset C design is considered as inducing a higher risk of
microbial proliferation compared to A and B. In addition, our
study found that SRB genera Desulfonauticus and
Thermoacetagenium were present in high numbers in the asset
C closed drains vessel, and there was active reduction of sul-
fate to sulfide at that site (Table 4), thus confirming that asset
C was at increased risk for MIC.

This study illustrates that the design of oil processing facil-
ities in addition to operational practices such as recycling fluids
from closed drains, large volume processing tanks with long
retention times, differences in temperature, and/or salinity along
production lines, all shape microbial communities.
Biocorrosive microorganisms most likely proliferate in “low”
temperature sites (e.g., <37 °C) experiencing long retention
times, as evidenced by the high numbers of bacteria estimated
by qPCR in closed drains samples. In another study of an off-
shore processing system, closed drains vessels were shown to
contain the greatest numbers of SRBs, as demonstrated using
single serial dilutions, ATP and qPCR (Shaw et al. 2016).
Design features that prevent the distribution of microorganisms
from similar vessels could help to mitigate MIC. In summary,
knowledge of how the design of oil separation processes affect
microbial microenvironments can be used to guide operational
practices and to target problem sites to help control MIC.
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