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March 21, 2023

Tom Modica, City Manager
411 W. Ocean Blvd.
Long Beach, CA 90802

Re: Support of Setbacks in Long Beach

Dear Mr. Modica,

We, the undersigned organizations with membership and constituents in Long Beach –
the traditional homelands of the Acjachemen and Tongva Peoples – are writing in
support of Senate Bill 1137 (SB 1137) and setbacks between oil and gas wells and
sensitive sites. We are deeply disappointed to see your office’s letter to Governor
Newsom in defiance of SB 11371. This position undermines critical health and safety
protection zones for your constituents. Furthermore, the City Council did not formally
approve this letter.

This stance runs contrary to well-established science and fails to accurately represent
the voices of the Long Beach community. We encourage you to retract your statements
on SB 1137 and prohibit new oil drilling and rework permits within the 3,200 foot setback
zone while we await the results of the referendum. Furthermore, we encourage your
office to identify alternative sources of revenue to cover the cost of cleaning up oil wells
and ensure a just transition for impacted workers.
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The Referendum Process Undermines Democracy and Allows the Industry to Buy Their
Way out of Regulation

As you know, last September the state legislature passed SB 1137, a historic and long
overdue bill that prohibits new oil drilling within 3,200 feet of homes, schools, hospitals
and other sensitive sites.

The oil industry spent over 20 million dollars to overturn this law with a referendum
which will go to the ballot in 2024, delaying these long overdue health protections.
Throughout the state, there have been numerous documented accounts of petitioners
misleading voters while collecting signatures for the referendum.2 In fact, the LA Times
reported canvassers fabricating misinformation to voters that the referendum would ban
new oil drilling within setbacks.3

Thousands of Residents in Long Beach Live Too Close to Oil Drilling Operations

Neighborhood oil drilling exposes Long Beach residents to toxic chemicals and
smog-forming gasses, which can cause respiratory illness, cardiovascular disease,
leukemia, lymphoma, lung cancer, nervous system damage, reproductive and
endocrine disruption, birth defects, and premature death. Neighbors adjacent to
urban oil drilling suffer the most from these health effects. Even once a well is no longer
active, it can continue to leak oil, methane, and other gasses, leaving nearby
communities at continued risk.

An estimated 140,138 Long Beach residents live within 3,200 feet of an operational oil
and gas well within the city limits. This amounts to about 30.2% of the population. Of
those, 101,498 (72.4%) are people of color.

Communities of color and low-income households are most affected by neighborhood
oil drilling. Many neighborhoods with urban oil drilling operations are currently exposed
to other environmental hazards and pollution, such as heavy transportation corridors
and port operations.

The stance on setbacks as currently set by your office is allowing for the expansion of
an already catastrophic public health crisis. And as evidenced by these organizations
who have signed on, it does not represent the stance of the people you represent.

3 https://www.latimes.com/opinion/story/2023-02-07/oil-drilling-referendum-qualified
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Instead of using city resources fighting these overdue health and safety protections, we
urge you to use your time and resources to identify alternative revenue sources to fund
oil well clean up and work with impacted workers and community members to enable a
just transition.

Thank you for considering our comments.

Signed,

Nicole Levin - Campaigner, Sierra Club Dirty Fuels
Nancy Woo - Hub Coordinator, Sunrise Long Beach
Brady Bradshaw - Campaigner, Center for Biological Diversity
Tina Calderon - Director, Sacred Grounds ™
Jeannine Pearce - CEO, Fierce Courage
Jeannine Pearce - Convener, The Climate Council
Charles Miller - Chair, Los Angeles Climate Reality Project
Jan Victor Andasan - Community Organizer, East Yard Communities for Environmental
Justice
Bill Sive - West Coast Coordinator, Queers 4 Climate
Karen Reside - Executive Director, Long Beach Grey Panthers
Ellie Cohen - Executive Director, The Climate Center
Maro Kakoussian - Climate Justice Organizing Manager, Physicians for Social
Responsibility
Kobi Naseck - Coalition Coordinator, Voices in Solidarity Against Oil in Neighborhoods
(VISIÓN)
Paulina Torres- Staff Attorney, Natural Resources Defense Council
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Prior exposure to weathered oil influences
foraging of an ecologically important
saltmarsh resident fish
Ashley M. McDonald1, Charles W. Martin1, Guillaume Rieucau2 and
Brian J. Roberts2

1UF|IFAS Nature Coast Biological Station, University of Florida, Cedar Key, Florida, United States
2 Louisiana Universities Marine Consortium, Chauvin, Louisiana, United States

ABSTRACT
Estuarine ecosystem balance typically relies on strong food web interconnectedness
dependent on a relatively low number of resident taxa, presenting a potential
ecological vulnerability to extreme ecosystem disturbances. Following the Deepwater
Horizon (DwH) oil spill disaster of the northern Gulf of Mexico (USA), numerous
ecotoxicological studies showed severe species-level impacts of oil exposure on
estuarine fish and invertebrates, yet post-spill surveys found little evidence for severe
impacts to coastal populations, communities, or food webs. The acknowledgement
that several confounding factors may have limited researchers’ abilities to detect
negative ecosystem-level impacts following the DwH spill drives the need for direct
testing of weathered oil exposure effects on estuarine residents with high trophic
connectivity. Here, we describe an experiment that examined the influence of
previous exposure to four weathered oil concentrations (control: 0.0 L oil m−2;
low: 0.1 L oil m−2; moderate: 0.5–1 L oil m−2; high: 3.0 L oil m−2) on foraging rates of
the ecologically important Gulf killifish (Fundulus grandis). Following exposure in
oiled saltmarsh mesocosms, killifish were allowed to forage on grass shrimp
(Palaeomonetes pugio) for up to 21 h. We found that previous exposure to the high
oil treatment reduced killifish foraging rate by ~37% on average, compared with
no oil control treatment. Previous exposure to the moderate oil treatment showed
highly variable foraging rate responses, while low exposure treatment was similar to
unexposed responses. Declining foraging rate responses to previous high weathered
oil exposure suggests potential oil spill influence on energy transfer between
saltmarsh and off-marsh systems. Additionally, foraging rate variability at the
moderate level highlights the large degree of intraspecific variability for this sublethal
response and indicates this concentration represents a potential threshold of oil
exposure influence on killifish foraging. We also found that consumption of gravid vs
non-gravid shrimp was not independent of prior oil exposure concentration, as high
oil exposure treatment killifish consumed ~3× more gravid shrimp than expected.
Our study findings highlight the sublethal effects of prior oil exposure on foraging
abilities of ecologically valuable Gulf killifish at realistic oil exposure levels, suggesting
that important trophic transfers of energy to off-marsh systems may have been
impacted, at least in the short-term, by shoreline oiling at highly localized scales. This
study provides support for further experimental testing of oil exposure effects on
sublethal behavioral impacts of ecologically important estuarine species, due to the
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likelihood that some ecological ramifications of DwH on saltmarshes likely went
undetected.

Subjects Animal Behavior, Ecology, Marine Biology, Zoology, Environmental Contamination and
Remediation
Keywords Fish behavior, Macondo, Nekton, Feeding effort, Mesocosm

INTRODUCTION
Trophic connectivity is of vital importance to the functionality and resilience of estuarine
ecosystems (Costanza, Kemp & Boynton, 1993; Tett et al., 2013). Greater trophic
connections optimize the transfer of primary production to upper trophic levels,
increasing food web resilience and maintaining a domain of attraction towards ecosystem
stability (MacArthur, 1955; Holling, 1973). Estuarine ecosystems have unique food webs
because of the physiological flexibility that is required for resident species to deal with
unpredictable abiotic extremes, combined with the limited geologic lifetimes of estuaries,
leading to taxonomic diversity limitations (Whitfield, 1994; Day et al., 1989). Therefore,
trophic interconnectedness between resident and transient species, and thus food web
resilience, of estuarine ecosystems can often rely on a relatively small number of
mid-trophic level nektonic estuarine residents (Subrahmanyam & Drake, 1975).

A supported paradigm of estuarine ecosystems is that they are comprised of relatively
resilient biota (Elliott & Whitfield, 2011), however severe environmental disturbances may
cause disruptions in trophic connectivity (Matich, Moore & Plumlee, 2020). This can
stem from negative impacts to “critically resilient” species, described as a taxon with
generally high perturbation resilience and an important role in the food web (McCann
et al., 2017). In northern Gulf of Mexico (nGoM) estuarine saltmarshes, Gulf killifish
(Fundulus grandis, Baird and Girard 1853) are a common, opportunistic saltmarsh
resident species (Able et al., 2015) with high site fidelity that makes them valuable sentinel
species and indicators of habitat disturbance (Nelson, Sutton & DeVries, 2014; Vastano
et al., 2017; Jensen et al., 2019). This Cyprinodontiform species is considered highly
important to marsh food webs, serving a key function in the “trophic relay” of marsh
production to off-marsh open waters via predator/prey interactions with larger transient
predators (Rozas & LaSalle, 1990; Kneib, 2000; McCann et al., 2017). The saltmarsh
habitats of Gulf killifish are characterized by highly dynamic, and often extreme,
environmental conditions (e.g., extreme temperatures, wide salinity ranges, tidal exchange,
hypoxia, etc. (Vernberg, 1993)), and are therefore naturally resilient to many interacting
stressors, marking Gulf killifish as a “critically resilient” saltmarsh species (Able et al.,
2015; Vastano et al., 2017; McCann et al., 2017).

The necessity of understanding how a large-scale disturbance event might disrupt a food
web at the critically resilient species level arose with the Deepwater Horizon (DwH) oil
spill, the largest industrial marine oil spill in American history that impacted nGoM
coastlines from Louisiana to Florida (BP Oil Spill Commission, 2011). In 2010, at least
2,113 km of shoreline were subjected to oiling after the explosion of an offshore oil drilling
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rig on April 20th led to the loss of 11 lives and the corresponding oil well blowout caused
the subsequent release of ~4.1 M barrels (~560,000 metric tons) of crude oil into
offshore waters (McNutt et al., 2012;Nixon et al., 2016). As the crude oil drifted into coastal
areas, where wetlands accounted for ~53% of oiled shoreline (Michel et al., 2013), exposure
to the weathered oil caused significant casualties of several critically sensitive species
(sensu McCann et al., 2017) at low and high trophic levels, such that terrestrial marsh
plants, gastropods, predatory birds, and dolphins experienced high levels of mortality.
Alternatively, many coastal fish populations and community structures have shown
resilience to, or rapid recovery from, the large-scale exposure to weathered oil (Moody,
Cebrian & Heck, 2013; Fodrie et al., 2014; Able et al., 2015; Schaefer, Frazier & Barr, 2016;
Martin et al., 2020a). A decade later, potential trophic implications from this marine
disaster are still unclear, despite extensive analyses of community-wide data, with
interpretation of oil spill effects on populations of estuarine and marine species further
complicated by possible trophic release (e.g., stark decline of mammal and bird predators),
engineered efforts to protect shorelines from oil intrusion (e.g., boom deployment and
increased freshwater discharge), and the extensive temporary closure of Gulf of Mexico
fisheries operations (Upton, 2011; Fodrie et al., 2014; McCann et al., 2017). Large gaps in
understanding possible trophic repercussions of a marsh community to oil spill effects are
therefore bolstered by experimental manipulations not constrained by the unethical
re-creation of oiled field conditions, but are instead replicated in a hyper-realistic,
controlled mesocosm environment.

Here, we describe the results of a foraging experiment carried out to test the hypothesis
that prior oil exposure negatively affects natural predatory feeding rates of Gulf killifish,
a dominant and ecologically important marsh resident (Able et al., 2015). Classic foraging
experiments examining saltmarsh predator-prey interactions have used killifish
(Fundulus sp.) and grass shrimp (Palaeomonetes pugio) as study species because of their
abundance and trophic importance in Atlantic and Gulf coastal marshes (Heck & Thoman,
1981; Kneib, 1987; Kneib, 1988), and because grass shrimp are a common prey item for
Gulf killifish of the size range used in this experiment (Harrington & Harrington, 1961).
We therefore examined foraging rates of Gulf killifish on unexposed grass shrimp prey,
following exposure to varying real-world DwH concentrations of weathered oil in large
marsh mesocosms, to assess previous oil exposure impacts explicitly due to exposure of
this important saltmarsh resident predator. We tested the hypothesis that foraging rate
would decline concomitantly with increased levels of exposure concentration. This
investigation was inspired by field reports of little evidence for Gulf killifish
population-level effect following nGoM saltmarsh oiling (Able et al., 2015), despite strong
negative individual-level physiological and developmental impacts from oil exposure
(Garcia et al., 2012;Whitehead et al., 2012; Dubansky et al., 2013; Crowe et al., 2014; Fodrie
et al., 2014). Ecotoxicological studies on fish have shown strong evidence that shifts in
feeding behavior by sublethal exposure to toxic contaminants may impact community
structure or trophic transfer caused in part by decreased motivation to feed, impaired
feeding abilities, and decreased prey detection (Atchison, Henry & Sandheinrich, 1987;
Little et al., 1990; Weis et al., 2001; Fleeger, 2020). Decreased Gulf killifish foraging rates
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related to any previous sublethal oil exposure would provide further evidence that this type
of environmental disturbance could influence nearshore food web connectivity.

MATERIALS AND METHODS
Oiled mesocosms and killifish exposure
During August/September 2019, an ongoing experimentally oiled marsh mesocosm
experiment was being conducted at Louisiana Universities Marine Consortium
(LUMCON) in Cocodrie, LA (29.254573�, −90.664031�). These oiled mesocosms were
used to expose Gulf killifish for 10-15 days, a duration based on previous studies of site
fidelity for F. grandis (Nelson, Sutton & DeVries, 2014; Jensen et al., 2019). Twelve
hydrologically-independent, outdoor mesocosms (3.05 m diameter, 1.83 m height) were
paired each with its own tidal surge tank that generates daily tidal cycles with range of
25 cm (flooding marsh ~10 cm at high tide) via a water control system of blowers and
airlifts (Alt, 2019). Intact Spartina alterniflora saltmarsh plugs (30 cm diameter � 50 cm
depth) at natural densities were collected from previously unoiled natural saltmarshes near
the LUMCON mesocosm facility, planted in the mesocosms, and allowed to establish
for approximately 18 months prior to oiling (Roberts et al., 2019; Roberts et al., 2020).
During flooded marsh conditions (~40% of the time), Gulf killifish had access to ~7.3 m2 of
marsh platform (~10 cm at high tide) to allow for natural foraging opportunities, and
adjacent deeper water (~40 cm at high tide) in the empty circular trough surrounding
the saltmarsh platform. At low tide, Gulf killifish were restricted to the ~1.4 m2 of area in
the trough perimeter, with minimum water depths of 15 cm at low tide. Additional details
on the saltmarsh mesocosm setup and design can be found in Fig. S1.

Oil used in mesocosm exposure periods was Light Louisiana Sweet (LLS) blended crude
oil at API Gravity 40.1, similar to the oil released by the DwH spill, acquired from Placid
Refining Company LLC in May 2018. The oil was then evaporatively weathered using a
nitrogen gas sparging system over 150 days to obtain a loss of 30% of volatile components,
as measured by gas chromatography, to attain chemical composition similar to that of
weathered oil that washed ashore following DwH (Passow & Overton, 2021). Four
exposure levels were randomly assigned to three replicate mesocosms in a randomized
block design for a total of 12 experimental mesocosm units. Weathered oil exposure levels
scaled roughly to Shoreline Cleanup and Assessment Team (SCAT) categories observed in
Louisiana marshes following the DwH disaster (Michel et al., 2013; Lin et al., 2016):
control/no oil at 0.0 L oil m−2, low at 0.1 L oil m−2, moderate at 0.5–1 L oil m−2, and high at
3.0 L oil m−2. For the oiled treatment mesocosms, a single application of weathered oil was
applied to the saturated sediment surface under high tide conditions at uniformly spaced
locations on July 8, 2019. After initial weathered oil application, oil was further naturally
weathered in the open air of mesocosms 45 to 60 days prior to experiment initiation.

During the killifish exposure period, following 45 to 60 additional days of open-air oil
weathering, the mean ± standard error surface soil (0-5 cm) total petroleum hydrocarbon
(TPH) concentrations in the high oil treatments (419 ± 24 mg/g soil) were ~10 and ~40
times higher than in the moderate (39 ± 5 mg/g soil) and low (10 ± 0.4 mg/g soil) oil
treatments (mean of 19 August and 9 September samplings; as previously described in
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Martin et al., 2020b, and collected by E. Overton and B. J. Roberts, 2020). These
concentrations are similar to those found in Louisiana saltmarsh field conditions following
the DwH oil spill (Lin et al., 2016). Gulf killifish were collected from the nearby
saltmarsh using baited minnow traps and held for 2–4 days in the same 450 liter, aerated
aquarium with a constant salinity of 7 psu (equivalent to mesocosms at the time of
collection) to minimize mortality due to handling. Then, 12 adult fish were added to each
saltmarsh mesocosm on 22 August 2019, with six more Gulf killifish added to each
mesocosm on 27 August to increase the number of fish available for the foraging behavior
experiment after some mortality was observed after 5 days of holding in mesocosms.
Total fish mortality during the exposure period resulted in no mortality in control
treatments, 38% in low exposure treatments, 56.6% in medium exposure treatments, and
81.5% in high exposure treatments, however the causes of mortality were not determined
and possibly arose from direct and indirect effects from oil exposure (see Martin et al.,
2020b for further detail on fish additions). All surviving fish used in the subsequent
foraging experiment (three to six fish per mesocosm) were within the size range of 57 to
105 mm (mean of lengths 79.4 + 1.8 mm standard error). Fish were exposed to oiled or
control treatments for 10 (27 August additions) to 15 (22 August additions) days prior to
behavioral experiments. Following the exposure period, fish were recaptured with
dipnets and kept separated according to mesocosm assignment then held without food for
24 h at ambient room temperature conditions in aerated 37.9 L aquaria containing
unoiled 7 psu filtered seawater prior to use in the foraging experiment performed at the
LUMCON facility.

Foraging experiment
Gulf killifish foraging behavior response to previous oil exposure was examined over a
one-day period. Foraging trials were conducted at the LUMCON facility in separate 19 L
white plastic buckets filled with 10 L of filtered water with a salinity of 7 psu. Twenty grass
shrimp (Palaemonetes pugio), captured by dipnet from the nearby bayou were added to
each bucket and allowed to acclimate for 2 h prior to the start of the experiment. Shrimp
densities were selected to represent natural field densities relative to the size of the
experimental unit (~67 shrimp per m2). As shrimp were added, we noted the number of
gravid shrimp in each bucket as a potential foraging covariate due to the possibility that
gravid shrimp may be more visually/olfactorily detectable or less capable of escape, making
them more easily predated by impaired killifish (Welsh, 1975). However, we did not
control for the same proportion of gravid to non-gravid across replicates. To better
simulate the lowmarsh habitat structure where killifish forage most effectively (Vince et al.,
1976), ten 18 cm length black needlerush (Juncus roemerianus) stems were added to each
bucket in a haphazard fashion.

To initiate the experiment, killifish were transferred from the 37.9 L holding aquaria to
19 L buckets containing the grass shrimp that had been randomly assigned a killifish oil
exposure or autogenic control treatment. Killifish from the same oiled mesocosm
treatment were randomly paired by drawing numbers without replacement, and the two
fish placed into one of nine replicates for control, low, or moderate treatment buckets but
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only five replicates for high treatment buckets, which precluded equivalent replication for
all treatments tested in the foraging experiment. No further criteria were used to select
killifish inclusion in the experiment. An additional four autogenic control buckets
contained only grass shrimp with no killifish addition for a total of 36 buckets arranged in
a 6 × 6 grid with rows spaced 1 m apart. Every 4 h during the experiment we monitored
factors that would affect foraging rates, specifically mortality of killifish and complete
predation of all shrimp provided to a replicate. To minimize investigator influence on
foraging, inspections consisted of identifying shrimp and killifish movement from a
distance of 0.5 m, and randomization of experimental treatments within the grid array
ensured that any observer influence was not grouped. Water temperatures ranged from
26.8–28.6 �C during trials (comparable to mesocosm conditions at time of collection) and
dissolved oxygen remained near 100% saturation, determined by measurements at
beginning and end of trial. At 21 h, all killifish were removed from the buckets and
remaining gravid and nongravid shrimp were counted and these values deducted from
gravid and nongravid shrimp counts taken at the beginning of the experiment. To calculate
shrimp consumption rate per fish per minute (shrimp consumed fish−1 min−1), the
number of shrimp consumed within each bucket was divided by the sum of foraging
minutes for both fish in that bucket. If fish mortality or complete predation was noticed
during routine checks, the reduced foraging time for that fish or bucket was noted and
values adjusted accordingly. Mortality was recorded during the foraging experiment, with
the following losses per oil exposure treatment: control-one, low-none, medium-four
(two from the same bucket), and high-one. These losses corresponded to ~6% mortality in
the control treatment, 0% mortality in low oil exposure treatment, ~22% mortality in
medium oil exposure treatment, and 10% mortality in high oil exposure treatment.
All experimental units were included in subsequent analyses.

STATISTICAL ANALYSES
Due to the unbalanced sample sizes (n = 9 for control, low, moderate prior oil exposure
and n = 5 for high prior oil exposure) and heteroscedasticity of experimental results, a
Welch’s ANOVAwas used to compare Gulf killifish foraging rates among weathered crude
oil exposure treatments and a Games-Howell test was used for post hoc contrasts (Moder,
2010). A linear regression with combined fish lengths per replicate and foraging rate
was used to determine whether killifish length should be included as a potential covariate
with oil exposure treatment. To test the hypothesis that gravid grass shrimp consumption
was independent of prior oil exposure concentrations, we constructed a chi square table
on expected and observed gravid shrimp consumption. For this analysis, we excluded any
buckets where the 20 shrimp provided for foraging during the experiment did not include
gravid individuals (excluded one control, three moderate, and one high oil exposure
treatment replicates). To estimate how many gravid shrimp we would expect to be eaten
with the assumption killifish had no preference, we multiplied the proportion of gravid
shrimp given to a treatment by the total number of shrimp eaten, noting that both values
excluded nongravid shrimp counts from buckets that did not receive gravid shrimp.
For example, if 10% of shrimp provided to a treatment were gravid and 50 shrimp were
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consumed by that treatment group, our expected value for that treatment would be five
gravid shrimp consumed. Analyses were performed in RStudio (Version 1.2.1335) and the
accepted a was set at 0.05 for the Welch’s ANOVA, Games-Howell contrasts, linear
regression, and chi square test.

Vertebrate study animal ethics statement
Gulf killifish were collected frommarsh sites adjacent to the LUMCON facility in Chauvin,
LA. All field collections were made under Louisiana Department of Wildlife and Fisheries
Scientific Collecting Permit #SCP 200. The use of vertebrate organisms was conducted
with IACUC approval and staff training from University of Florida under protocol
201710044. Fish were held in 3.05 m diameter simulated marsh mesocosms during the
weathered oil exposure period, where they were allowed to freely forage under simulated
natural bayou conditions. As the goal of the study was to measure sublethal effects of
oil on fish behavior, humane endpoints were not used and were not possible during the
10–15 day exposure, as fish were released into turbid mesocosms and unable to be
monitored. Moreover, analgesics and anesthetics were not used because of the alterations
to behavior that we sought to quantify. During the one-day experiment, fish were held in
19 L plastic buckets filled with 10 L of filtered water with salinity of 7 psu. At the end
of the experiment, surviving fish were euthanized humanely using the standard
methodology for finfish as outlined in IACUC protocol 201710044-namely, through cold
shock immersion in ice slurry followed by immersion in 500 mg/L MS-222 (buffered
tricaine methane sulfonate) for 10 min after opercular movement stops.

RESULTS
Shrimp consumption ranged from 18% of shrimp offered to high exposure killifish to 48%
of shrimp offered to unexposed control killifish, with low and moderate exposure killifish
exhibiting slightly lower overall consumption than control killifish (46% and 42%,
respectively). Foraging rates (shrimp consumed fish−1 min−1) varied across oil exposure
treatments (Fs3,12.9 = 8.2, p = 0.0026), such that rates for killifish from high oil exposure
treatments were lower than for killifish from the low and control treatments (Fig. 1 and
Table 1). Although average foraging rates of moderate oil exposure killifish were between
the averages for low and high exposure treatments, moderate treatment rates showed
substantial within-treatment variability (Table 1) that included the two highest foraging
rates of the experiment (0.01 and 0.007 shrimp consumed fish−1 min−1) as well as four
measurements of low rates (ranges between 0.001–0.002 shrimp consumed fish−1 min−1)
comparable only with high exposure treatment fish (all rates ranged from 0–0.002 shrimp
consumed fish−1 min−1). No relationship was found between combined fish length per
replicate and foraging rate (linear regression: Adj. r2 = 0.002, F1,30 = 1.07, p = 0.31),
therefore fish length was not considered as a potential covariate.

Previous exposure to the high oil concentration influenced preference for gravid over
non-gravid shrimp, such that high exposure fish consumed a substantially larger
proportion of gravid shrimp (0.5) than moderate, low, and control treatment killifish (0.24,
0.12, and 0.24, respectively). This observed proportion of gravid shrimp consumed in high
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oil treatment fish deviated from the expected high exposure consumption proportion of
0.19 (χ2 = 10.1, df = 3, p = 0.017; Fig. 2 and Table 2).

DISCUSSION
Our study provides evidence that prior exposure to real-world concentrations of weathered
oil (Lin et al., 2016) influences foraging of estuarine saltmarsh resident Gulf killifish.
Our results reveal a substantial reduction of killifish foraging rates at high oil exposure
concentration, a highly variable effect in the moderate concentration, and an absence of
effect in the low concentration exposure. Our finding that low and moderate concentration
exposures did not substantially influence foraging rate is counter to prior experimental

Figure 1 Gulf killifish foraging rates per replicate for each prior oil exposure treatment. Gulf killifish
foraging rates (number of shrimp consumed fish−1 min−1) per bucket replicate for each prior oil exposure
treatment. Solid lines in boxes represent treatment medians and dots are outliers. Different letters
indicate treatment differences based on results from Games-Howell post-hoc contrast.

Full-size DOI: 10.7717/peerj.12593/fig-1

Table 1 Basic statistics for Gulf killifish foraging rates at prior oil exposure treatment concentrations.

Oil addition treatment N Experiment mortality
(number of fish)

Mean foraging rate per bucket
(shrimp min−1)

Standard deviation Coefficient of variation

Control (0.0 L m−2) 9 1 0.003851 0.00121 31.4

Low (0.1 L m−2) 9 0 0.00363 0.00064 17.6

Medium (0.5–1.0 L m−2) 9 4 0.00359 0.00283 78.8

High (3.0 L m−2) 5 1 0.001434 0.00087 60.7
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evidence for killifish behavioral changes at even the lowest previous oil exposure
concentration (Martin et al., 2020b), and strongly suggest that a threshold of sublethal
effects on foraging, and possibly individual-level response plasticity (Saaristo et al., 2018),
is evident around the crude oil concentrations in the moderate exposure treatment.
Our experimental design to test the influence of prior oil exposure on foraging rates was
challenged by a reduction in sample sizes caused by mortality of subjects during the
exposure period, particularly in the high exposure treatment. However, the foraging
behavior responses of surviving killifish from high oil concentration mesocosms were
consistently affected by this exposure, providing strong evidence that these sublethal
effects are genuine. We also found evidence that fish from the high exposure treatment
consumed gravid grass shrimp in a higher proportion than expected, while fish from all
other treatments did not exhibit this selectivity, novel evidence of a contamination

Figure 2 Proportions of gravid shrimp consumption by Gulf killifish. Proportions of observed values
of gravid shrimp consumed (out of total shrimp consumed) by Gulf killifish for the entire experiment
(grey bar) and at different treatment levels of prior oil exposure, with the calculated expected proportion
values represented by dotted lines. Full-size DOI: 10.7717/peerj.12593/fig-2

Table 2 Values to calculate expected vs observed outcomes of gravid shrimp consumption for construction of chi square table.

Oil addition treatment Total shrimp consumed Proportion of gravid Expected gravid consumed Observed gravid consumed

Control (0.0 L m−2) 76 0.16 11.8 18

Low (0.1 L m−2) 82 0.18 14.8 10

Medium (0.5–1.0 L m−2) 29 0.16 4.7 7

High (3.0 L m−2) 8 0.19 1.5 4
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exposure-related shift in killifish predatory behavior with potential for ecological
repercussions (see Saaristo et al., 2018 Table S2 for compilation of studies on contaminant
effects on predator-prey interactions). These findings indicate prior oil exposure can
influence killifish foraging rates and may drive a behavioral shift in prey selection, at least
on the spatial and temporal scales used in this study. Despite little field-based evidence of
large-scale negative community impacts (Fodrie et al., 2014; Martin et al., 2020a), the
consistent evidence of negative physiological, genomic, and developmental effects on
nekton from oil exposure strongly suggests there are key gaps in our understanding of
coastal trophic processes that were likely disrupted in part by sublethal effects on nearshore
nekton behavior. Our study findings support this inference, as high oil exposure
substantially affected Gulf killifish foraging behavior, and moderate oil exposure
highlighted the high degree of intraspecific variability for sublethal responses to oil at the
thresholds tested.

High inter-individual variability in the moderate treatment foraging rates reveals the
potential presence of phenotypic plasticity within this subsample of a local killifish
population in response to moderate levels of contamination, a vital feature for enabling
species to cope with rapid environmental change (Chevin, Lande & Mace, 2010).
Yet despite the exceptionally high foraging rates of some individuals, the overall average
foraging rate for this treatment was still lower than control and low concentration
treatments, suggesting population-level effects on foraging rates at this concentration may
have occurred despite high individual-level plasticity. A potential behavioral shift influence
on intra-population dynamics relates to our findings that high oil concentration
exposure fish selected gravid shrimp at higher proportions than expected if shrimp
selection were independent of prior oil exposure. We speculate that this observation could
be related to an impairment in prey detection (Cave & Kajiura, 2018), as gravid grass
shrimp are more visually apparent than non-gravid grass shrimp. Secondly, gravid
selection may relate to killifish mobility impairment (Stieglitz et al., 2016), as killifish are
active predators and gravid grass shrimp may have reduced escape capabilities since
swimmerets are occupied with egg masses. However, evidence of the relationship between
prior high oil exposure and increased killifish selection of gravid grass shrimp presented
here is a preliminary finding due to the limited scale of our foraging experiment design, the
potential size difference between gravid and male shrimp (Alon & Stancyk, 1982), and the
fact that we only exposed the predatory killifish, and not the prey species, to weathered oil.

The reduced predation success of Gulf killifish previously exposed to high concentration
of weathered oil measured in this study reflects findings of reduced growth and predation
of an Atlantic congeneric, mummichog (Fundulus heteroclitus), inhabiting contaminated
estuaries (Weis et al., 2001). Killifish from contaminated estuaries were found to rely
primarily on low nutritional value detrital material for forage, as opposed to higher calorie
prey items that constitute a greater dietary proportion in fish from an uncontaminated site
(Weis & Khan, 1991). Previous foraging experiments suggested contaminated site fish
generally could not capture evasive grass shrimp prey, and maintained low activity levels
(Smith et al., 1995). Grass shrimp are highly abundant and productive estuarine saltmarsh
residents (Nixon & Oviatt, 1973) that effectively transfer detritus into higher saltmarsh
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trophic levels, particularly large killifish, through predator-prey interactions (Nixon &
Oviatt, 1973;Welsh, 1975). The sublethal effect of prior exposure to high concentrations of
oil on foraging rates may result in a similar influence on the killifish foraging guild as
found in contaminated estuaries (Weis et al., 2011). Namely, a depression of predatory
foraging wherein killifish diets become dominated by detritus rather than energetically
superior grass shrimp which drives a declining efficiency in the transfer of
saltmarsh-originated energy to off-marsh systems.

Although our study was not designed to investigate the physiological or genomic
impairments that may have caused changes in Gulf killifish foraging behavior due to short
term oil exposure, evidence from previous oil and fossil fuel toxicity-related studies on fish
suggest numerous physiological impairments that can impact foraging abilities (Gregg,
Fleeger & Carman, 1997; Stieglitz et al., 2016; Cave & Kajiura, 2018; Schlenker et al., 2019).
Field studies that examined adult Gulf killifish genome expression during the oil spill
aftermath (Whitehead et al., 2012; Dubansky et al., 2013) found evidence for damage of gill
tissues, an organ that is vital to many functions necessary for physiological resilience of an
estuary resident organism. The ecotoxicological effects from exposure to petroleum
hydrocarbons can also be compounded by natural abiotic stressors common to estuarine
environments, such that energy demands required for fish to compensate for natural
stressors are extra costly (Whitehead, 2013). Time spent in natural estuarine conditions
within various weathered oil exposures of the mesocosms likely impacted energetics
budgets of fish used in our experiment, possibly contributing to the pattern of mesocosm
mortality and foraging inhibitions during the experiment. Furthermore, evidence of oil
ingestion in Gulf killifish four to 5 months after the cessation of the oil spill (Dubansky
et al., 2017) is a potential pathway for the extended oil exposure influence on these fish
linked to their preference for benthic-associated forage (Rozas & LaSalle, 1990), as the
more viscous weathered oil settles into sediments and remains in the environment longer
due to anoxic conditions (Mendelssohn et al., 2012).

Despite the noted resilience of this species (Able et al., 2015), it is possible that any
sublethal impacts driving these behavioral shifts on trophic transfer or food web resilience
were highly localized and thus went undetected. Natural avoidance behaviors to oil have
been recorded in several fish species (Martin, 2017) that in the wild may have somewhat
alleviated the more extreme foraging inhibition we measured in high oil exposure
treatment fish. However, these avoidance behaviors have been found to degrade over
sediments contaminated with weathered oil, as opposed to fresh oil (Martin, 2017), and
upon the fish having prior exposure to weathered oil at even low levels (0.1 L oil m−2),
with some evidence of preference for oiled sediments following exposure to high levels
(3.0 L oil m−2) (Martin et al., 2020b). The various levels of oiling were patchily distributed
across nGoM shorelines such that surveys found ~20% of oiled shorelines were heavily
oiled, ~13% were moderately oiled, and ~36% were lightly oiled (Michel et al., 2013). These
surveys further determined ~53% of total oiled shoreline was marsh habitat, and of that,
~96% of oiled marsh habitat was in Louisiana estuarine environments (Nixon et al., 2016).
The patchy distribution of oil on diverse saltmarsh subhabitats characterized by spatially
heterogenous estuarine saltmarsh nekton communities (Peterson & Turner, 1994; Able et al.,
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2015) that tend to exhibit high site fidelity (Nelson, Sutton & DeVries, 2014; Jensen et al.,
2019) suggests that if oil exposure negatively impacted Gulf killifish foraging to the degree
that it impacted trophic connectivity, this impact would have been highly spatially variable.
High intraspecific redundancy of Gulf killifish combined with high individual-level
variability in foraging response to oil exposure, such as that measured in our moderate oil
treatment, may have worked to lessen oil exposure impacts on this estuarine nekton species’
contributions to saltmarsh food web connectivity.

Our study highlights the need for more experimental and mesocosm-based work to aid
with further determinations of what additional sublethal impacts likely occurred in the
aftermath of the DwH oil spill, and to help predict how toxic stressors may influence
trophic processes in these critical coastal habitats. The extreme variability in killifish
foraging responses to moderate oiling suggests that thresholds to negative sublethal effects
from oil exposure are highly individualized, but perhaps lower thresholds are within this
concentration range, at least at the timeframe of exposure of this experiment. This is
potentially the result of intraspecific variability in tolerance to the general “narcosis”
effect of unspecific baseline toxicity to organic narcotic compounds (Hsieh, Tsai & Chen,
2006), generally considered a reversable process that causes a variety of responses
dependent on the exposure timeframe and affecting compound (Heintz, Short & Rice,
1999; Vines et al., 2000). Additional experimentation at this moderate exposure
concentration may provide more insight into whether foraging declines in this treatment
were, in fact, a reversible response to the narcosis effect or if high foraging rates may reflect
individuals with higher tolerance to this effect. While large-scale resilience of nGoM
estuarine saltmarshes to oiling is apparent, continued release of buried oil through marsh
erosion and re-oiling of marshes following large storm events may redistribute oil or oil
residues for decades (Turner et al., 2019). Thus, sublethal nekton responses to oil
exposure may continue to influence trophic connectivity and food web resilience at highly
localized scales- making the detection of eroding food web resilience extremely difficult.
However, the hearty resilience of a common and dominant nGoM estuarine saltmarsh
resident with high intraspecific variability up to the moderate levels of oiling tested here
suggests that this near-shore ecosystem has some resilience built into the food web,
providing some stability despite a major ecotoxicological perturbation.

CONCLUSIONS
To supplement numerous field sampling studies examining oil spill impacts on GoM
shoreline habitats, we tested the hypothesis that prior oil exposure influences foraging
behavior of Gulf killifish by conducting feeding trials following exposure to varying levels
of oil within an ongoing mesocosm experiment. Our experimental results indicate that
previous exposure to weathered oil at moderate to high levels can have highly variable to
substantially negative impacts on foraging behavior of this critically resilient saltmarsh
resident. The high variability at moderate oiling level, as opposed to no effect at control
and low levels and negative effect at high level, suggests this concentration represents a
threshold of oil exposure influence on Gulf killifish foraging. High exposure treatment fish
exhibited more selective predation behavior than other exposure treatments by consuming
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a higher proportion of gravid than expected, suggesting sublethal impacts to foraging
abilities. Inefficient predation by killifish has been suggested to directly influence
size-frequency distributions of grass shrimp (Bass et al., 2001), and therefore this
preliminary finding warrants further investigations into the potential selective foraging
behaviors of Gulf killifish exposed to weathered oil and how these behaviors may impact
local population dynamics of both predator and prey species. Although our findings are
limited in scope and based on results of one experimental trial, any discovery of potential
sublethal oil exposure effects on organismal behavior is inherently vital. Based on these
results, we speculate that trophic transfer of energy from the marsh platform to off-marsh
and open water systems may have been impacted by weathered oil, albeit heterogeneously
across saltmarsh habitat and on a highly localized scale. Further experimental studies
examining oil exposure on ecologically valuable species is warranted to better determine
behavioral implications from previous and potential future environmental disasters.
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The statistical characteristics of corroded steel plate surfaces
exposed to marine environments are of interest for assessing
longer term structural safety and integrity using probabilistic
methods. This requires information about the variability of corro-
sion loss and pitting over surfaces. The present paper reports on
the observed statistical character of the surfaces of 10 large
(1.2 m � 0.8 m � 3 mm thick) steel plates exposed in temperate
climate marine immersion, tidal and splash zones for 2.5 years. For
the analysis the plates were cut into smaller segments that were
mechanically scanned to obtain digitised surface topographies.
These were then analysed to estimate the correlation structure and
the standard deviation of the surface topography. Considerable
differences were found for these and for the mean corrosion loss
between different exposure zones. For any one segment the
surface topography was found to be highly statistically dependent,
implying that smaller coupon sizes can provide adequate estimates
of corrosion loss. From this it may be inferred that the deepest pits
are not statistically independent as commonly assumed in extreme
value statistical representations.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Marine infrastructure, including sheet piling, bridges, jetties, pipelines, off-shore structures and
ships as well as nuclear containment systems exposed to saline ground waters, makes very extensive
use of structural grade steels. Usually the exposed steel surfaces are protected using one or more of
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protective coatings (paints), sacrificial coatings (galvanizing) and impressed current or sacrificial
cathodic protection. However, there is widespread evidence that such systems are not always effective,
particularly over long-term exposures, under less than perfect maintenance regimes and under severe
exposure conditions. For this reason it is common practice in the design of steel structures particularly
those operating in the marine environment to make some (sacrificial) allowance for future corrosion.
Three questions arise from this for engineers (i) for an existing structure how much corrosion can be
expected in the future, (ii) for new designs what is a reasonable corrosion allowance, and (iii) what
interpretation can be placed on reported corrosion loss results since these invariably have been
obtained for small-scale corrosion coupons when in practice much larger constructions are of interest?

There is an extensive corrosion literature but it does not always provide information the type of
information required by structural engineers concerned with major physical infrastructure. The
corrosion science literature that deals with fundamental understanding of the corrosion process for
a variety of metals (and other materials) typically exposed in the laboratory for short-term durations
(seconds, hours, sometimes days) under a range of artificial exposure conditions and often under
anodic polarization to artificially accelerate the corrosion process. Caremust be exercised in translating
the results obtained to field conditions.

The second category of corrosion information deals with empirical field exposure studies, with the
results often quoted as corrosion rates, giving the misleading impression that corrosion is a linear
process in time. For atmospheric corrosion in particular the empirical research literature provides
relatively simple nonlinear models often based on curve-fitting to data with little reference back to
corrosion science fundamentals. This situation is changing, particularly for corrosion of steels in the
immersion, tidal and costal zones [1]. An intensive research program currently is addressing questions
(i) and (ii) above for a variety of exposure conditions (immersion, tidal, marine atmospheric) in terms
useful for structural engineers. The question of central interest in the present paper is the third –

namely the relationship between corrosion loss results and pit depth characteristics for larger steel
surfaces compared with results typical for small-scale coupons in conventional empirical corrosion
trials.

Only mild or structural steel exposed to marine immersion, tidal and splash conditions is consid-
ered in this paper. Field testing is used rather than laboratory experimentation, despite themuch better
control that can be achieved in the laboratory. The main reason for this is the difficulty in replicating
bacterial, biological and marine growth characteristics of real seawater [2]. Increasingly, these are
recognized as key components in the corrosion behaviour of steels (and other metals) in seawater.

The next section describes previous relevant investigations of the variation of surface profile of steel
strips and plates in the marine immersion and tidal environments. This is followed by a description of
the test program on steel plates, the analysis of their surfaces after recovery at various times and the
mathematical and statistical characterization of these surfaces. Conclusions about variability of plate
surface corrosion are then given. These results are compared to earlier results obtained for small
coupons.

2. Previous investigations

Estimates of the rate of ‘uniform’ corrosion may be obtainedmost directly from differences in mass-
loss measurements, usually converted to a rate of material loss expressed inmm/year or equivalent. For
practical applications the mass-loss measurements are obtained for small coupons of steel exposed in-
situ, generally over a period of at least one year and sometimes (much) longer, with periodic coupon
recoveries for the longer term programs. Size of coupon employed varies widely, from 300 mm square
down to 50 � 100 mm with metal thickness kept small to reduce errors due to high surface energies
and hence higher corrosion at the edges. Larger coupons are preferable for greater accuracy in mass
loss determinations but practicalities favour smaller coupons. This is particularly the case for coupon
recovery of racks of coupons when there is much biofouling since lifting such racks can be a major
logistic issue. On the other hand, where water or exposure conditions change quickly smaller coupons
may be preferred to capture variability. Conversely, for structures straddling more than one exposure
zone only larger coupons or test pieces can capture the corrosion effect of differential aeration such as
caused by differences in wetting and oxygen access in the tidal zone [3]. Conventionally only 2 or 3
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coupons are exposed for any given time period, although for variability studies multiple coupons must
be used. There are international and national Standards describing the processes involved in surface
preparation, cleaning, exposure, recovery and cleaning and weighing coupons, including the use of
blanks. The conventional wisdom is that data from coupons are essentially the same as that which
would be expected from larger steel surfaces. This has been investigated previously for coupons in the
immersion zone varying in size from 50�100mm to 100� 200mmand 50� 400mmand for coupons
of different geometries including circles, squares and rectangles [4]. Only negligible differences were
found for the effect of shape and of surface area.

For strips of mild steel and for continuous steel sheet piling it has been found that there are distinct
vertical corrosion profiles related to the various exposure zones. These are similar to those for elec-
trically connected coupons but all are distinctly different from the results obtained for electrically
isolated coupons [5–8] and for shorter isolated strips [9]. These results show that the importance of
differential aeration for exposure straddling different corrosion zones. This effect appears not to have
been investigated for larger steel surfaces.

The mathematical or statistical analysis of corroded surfaces has had relatively little attention.
Yamamoto et al. [10] used a Fast Fourier Transform (FFT) approach to characterize the surfaces of mild
steel plates 100 � 100 mm exposed for one year in various marine environments. They found that for
these relatively small plates the auto-correlation function, estimated from the FFT results, suggested
the average distance between the cathodic and anodic regions. However they made no conclusions
about the effect of coupon size. Sumi and Rahbar-Ranji [11] used a two-dimensional discrete spectrum
to analyze the effect of the form of the corroded surface on the stress analysis of a steel plate. They
applied techniques derived frommodelling of surface roughness and contact mechanics [12,13]. These
are applied also in the analysis below. A similar approachwas used in preliminary results for small steel
plates recovered from shipyards [14].

3. Experimental methods

Commercial low carbon mild steel plates 1200 mm � 600 mm � 3 mm thick were exposed in two
locations at the NSW Fisheries complex at Taylors Beach, a protected inlet that is part of Nelson Bay on
the east coast of Australia about 200 km north of Sydney. The waters at this location are closely similar
to Pacific Ocean coastal seawater. Table 1 summarizes the water quality at the site. Five plates were
suspended with nylon ropes from a piled rig located mid-estuary at a site previously used for
corrosion testing and exposed sufficiently deep to ensure immersion conditions throughout the year.
Another 5 plates were suspended vertically under a local timber jetty (Fig. 1). Two holes were drilled
in each to enable suspension. Practicalities dictated that all plates were exposed in the ‘as received’
condition.

Plates were recovered at 6, 12, 18, 24 and 30 months from first immersion. Fig. 2 shows three of the
plates suspended from the jetty, at low tide and immediately before recovery after 6 months exposure.
Evidently, the rusts at this time give a uniform pattern over the corroded surface. Fig. 3 shows one of
Table 1
Typical water quality at Taylors Beach.

Parameter Units Typical value

Ammonia ppm 0.017–0.080
Nitrate ppm 0.017–0.050
Nitrite ppm < 0.003–0.011
Sulphate ppm 1600–2750
Total P ppm 0.003–0.07
Ca ppm 374–392
Cl ppm 21,000
Alkalinity ppm CaCO3 409–419
Salinity ppt 25.7–31.3
pH 8.1
DO % 90
Water temperature (annual mean) oC 20



Fig. 1. Steel plates immediately after being suspended under jetty at Taylors Beach. [SCAN0039a.jpg.
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the fully immersed plates immediately after recovery at 12 months exposure. Evidently this plate had
tilted from the horizontal as evident from the black area (lower right) corresponding towhere the plate
had buried into the mud. All plates were washed to remove marine growth and loose rusts before the
plates were taken back to the laboratory. Fig. 4 shows the plate in Fig. 3 after washing with a high-
pressure hose. This revealed that the majority of the surfaces had a rather regular undulating surface
texture. For the plates that were exposed for more than one year, some areas of bright steel surface that
began to tarnish almost immediately upon exposure to air were noted.
Fig. 2. Corroded surfaces of steel plates under jetty after 6 months splash and tidal zone exposure showing uniform nature of
external rust layer. [SCAN0042a.jpg.



Fig. 3. Plate recovered from mid-estuary at 12 months exposure, showing that it inclined into the mud (at lower right). Note the
distinctly different external rusts. [SCAN0044a.
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In the laboratory the plates were cleaned initially by electrolysis in a dedicated tank. Theywere then
dried and guillotined into 3 equal strips along the length and into 4 equal pieces along each strip. This
gave twelve 300 � 200 mm pieces that could be handled for final cleaning using standard chemical
techniques (ASTM G3) [15]. The plates were then weighed. They were stored in a dessicator while
awaiting digitization of each side of each plate. Digitization was done using a mechanical 3D scanner
(Picza PIX–30) set to a 2 mm square sampling grid. The scanning process was slow (but relatively
inexpensive) and it took many months to process all the plate pieces. The digitised scan results were
then transferred to a computer for further processing. Fig. 6 shows a typical result with expanded
vertical scale (z-axis). A contour map of the same piece of plate with 0.5 mm (relative) contours is
shown in Fig. 6. In neither case was it possible to fix an absolute origin vertically since the plates had to
be propped in the scanner. This also means that the slope of the plate pieces in the� and y directions as
shown in Figs. 5 and 6 is arbitrary.
Fig. 4. The same plate as in Fig. 3 immediately after washing with high-pressure water. Note the appearance of some bright metal in
the region of the transition zones between mud and tidal and tidal and splash zones. [SCAN0045a.



Fig. 5. Wire frame map of the surface geometry of part of plate A, exposed in the splash zone for 6 months. The sample shown was
at the top left corner of the plate. Note the fixing hole at top left.
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Because of the difficulty in orienting the plate pieces in an absolute orientation for digitization, the
loss of plate thickness and hence an estimate for ‘uniform’ corrosion loss, was obtained by weighing
each plate piece and subtracting from this the initial mass estimated from the original plate size and
original thickness and steel density. The results, grouped into the splash, tidal and immersion zones,
are shown in Fig. 7.
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Fig. 6. Relative contours at 0.5 mm interval of the surface shown in Fig. 5. Note the fixing hole at top left.



Fig. 7. Average uniform corrosion loss as a function of exposure period for plate pieces exposed in the splash, tidal and immersion
zone.
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4. Analysis of corroson variability

4.1. Spectral analysis

Fig. 7 provides information about the average corrosion loss and its change with continued expo-
sure period. To consider the effect of plate size on corrosion, and for structural reliability procedures
[16], estimates are needed also of the variability of the corrosion loss. This can be done simply by
estimating the standard deviation of the amount of corrosion over a small area and comparing it with
similar estimates at other locations or for other plates or coupons. A more complex but more infor-
mative analysis considers the (auto-) correlation structure of a plate surface or, equivalently, its relative
frequency distribution, determined throughwhat is known as a spectral analysis to produce a so-called
power spectrum [17]. It will be helpful to review the basics of this analysis applied to two-dimensional
surfaces before presenting the results.

Although the profile of a corroded surface is a function of two orthogonal distances, it can be
represented as function of frequency using a Fourier transformation. The result is a spectrum of the
surface profile, that is, it is re-interpreted as the set of frequency components contained within the
profile of the original surface. Thus a power spectrum represents the randomness of the surface in
the frequency domain. In particular it is a measure of the frequency distribution of the mean squared
value of the corrosion depths (or ‘power’) at different frequencies.

Let the corrosion depth be defined as z(kx,ky) measured at the grid point (kx,ky) of a two-dimensional
grid defining the surface region (x,y) of interest. Here kx is the grid number in the x-direction and ky is
the grid number in the y direction. Let the spacing of the grid points in the x-direction be denoted Dx

and the spacing in the y direction be Dy. Thus

z
�
kx; ky

�
hz

�
lx; ly

�
(1)

where lx and ly are respectively the x and y co-ordinates of the grid point (kx,ky). The relationships
between (kx,ky) and (lx,ly) are given by

lx ¼ kx$Dx kx ¼ 0;1;2;.::;Nx � 1 (2a)

ly ¼ ky$Dy ky ¼ 0;1;2;.::;Ny � 1 (2b)



R.E. Melchers et al. / Marine Structures 23 (2010) 274–287 281
where Nx and Ny are respectively the total number of grid points in the x and y directions. The mean
value of the z(kx,ky) over the area defined by (lx,ly) is given by

z ¼

PNy�1

ky ¼0

PNx�1

kx ¼0
z
�
kx; ky

�

NxNy
(3)

Evidently, there will exist a surface with exactly corresponding characteristics but with a zero mean
value. It is given by

h
�
kx; ky

� ¼ z
�
kx; ky

�� z (4)

This now allows the corresponding two-dimensional discrete spectrum to be defined as [11,12]:
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where, the variations of n1 and n2 are given by

n1 ¼ 0;1;2;.::;Nx=2 (6a)

n2 ¼ 0;1;2;.::;Ny=2 (6b)

and the cyclic frequencies f1 and f2 are defined by

f1 ¼
n1

NxDx
(7a)

f2 ¼
n2

NyDy
(7b)

If the corrosion depths h(kx,ky) exhibit some (perhaps just approximate) repetition on frequencies
(f1,f2) the spectrum at or near (f1,f2) would show a local peak. This local peak indicates an elevated
relative occurrence of the frequencies (i.e. the surface characteristics) involved.

Theoretically the upper values of the frequencies f1 and f2 are restricted to 1=ð2DxÞ and 1=ð2DyÞ,
respectively, because no valuable information regarding the spectrum S(f1,f2) is obtained for
frequencies higher than these values. These cut-off frequencies are known as Nyquist frequencies [17].
Evidently, it is better, if possible, to choose a sufficiently small grid spacing ðDx and DyÞ so as to
reduce this effect, which can cause some distortion of results in the frequency domain. It might be
noted that another way to estimate the spectrum is via auto-correlation. In this case, the auto-corre-
lations of the corrosion depths for two points separated by a constant distance are evaluated. This
process is repeated and the spectrum is calculated from the Fourier transform of the derived auto-
correlations. This procedure was not employed herein.

Figs. 8–10 show examples of the power spectra for the splash zone, tidal zone and immersion
zones as obtained using Eqs (3) and (4) after the data was normalized in each case to zero means. In
each case it is clear that the frequency content is very restricted, with in each case the frequencies
(along the two horizontal axes f1 and f2) highly localized around 0.1 cycles/mm, with only minor
effects elsewhere. This means that in each case there is a high degree of uniformity or regularity in the
profile of the surface, with the power spectra, and hence the surface displays a high degree of
regularity, concentrated in the lower frequencies. There is little high frequency variation in the form of



Fig. 8. Power spectrum for sample plate piece A1(side 1) exposed in the splash zone. The axis of the spectrum height, perpendicular
to both frequency axes, has units of mm4/cycle2.
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the corroded surfaces. Since this was the case for all pieces of plate exposed to uniform (or near-
uniform) exposure conditions, this means that there is negligible or at worst very little effect of
surface area in the characteristic pattern of the corroded surface. This was found to be the case
throughout the complete exposure period of 2.5 years. It means that for any exposure condition small
areas or (relatively) small samples can be taken as representative of the form of the corroded surface
and hence of its variability.
4.2. Variability

As a result of the above observations, it is sufficient for representation of the variability of a corroded
surface at different exposure periods to consider simply the standard deviation or the coefficient of
variation rather than the complete power spectrum or the auto-correlation function. This can be done
using only a relatively small area – sufficiently large, however, to capture the statistical characteristics
Fig. 9. Power spectrum for sample plate piece A7(side 1) exposed in the tidal zone. The axis of the spectrum height, perpendicular to
both frequency axes, has units of mm4/cycle2.



Fig. 10. Power spectrum for sample plate piece B1(side 1) exposed in the immersion zone. The axis of the spectrum height,
perpendicular to both frequency axes, has units of mm4/cycle2.
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of the surface. An estimate of the minimum size is as follows. From Figs. 8–10 the number of cycles per
millimetre is around 0.2 for those most commonly occurring in the plate surface. This means that to
capture at least one complete cycle requires at least 5 mm. This would be the smallest possible size,
although in practice it would be desirable to have considerably more. An alternative approach is to note
that for random sampling it is common to assume that at least 30 independent samples are required.
With sampling at 0.5 mm spacing, this means 15 mm sample size at least. But at this spacing of surface
sampling the samples are not completely independent owing to the regularity of corroded surfaces
[18]. A bound based on the notion of asymptotic independence can be made as follows. If it is assumed
that the main surface characteristic is represented by 0.2 cycles/mm (Figs. 8–10), then the data points
within this range can be considered a cluster [19]. It is then reasonable to assume that, asymptotically,
one independent sample is given within a spacing of one cycle (5 mm). In this case the minimum
required size is around 30 � 5 ¼ 150 mm. Considering the assumption of clustering and of indepen-
dence between clusters, this is a conservative estimate.

The estimation of standard deviations usually is based on the assumption that the underlying
distribution can be taken as Normal, at least in the limit for large numbers of (independent) obser-
vations. To estimate the standard deviations, small sections 30 mm � 20 mm were selected for each
plate surface such that they could be considered to be representative of the topography of each surface.
Profile measurements were made at 0.5 mm spacing in both directions. From these the means mz and
the standard deviations sz were calculated using the standard formulae:

mz ¼
1
n
$
Xn
i¼1

zi (8a)

s2z ¼
1
n
$
Xn
i¼1

ðzi � mzÞ2 (8b)



Fig. 11. Standard deviation estimates for corrosion profiles as a function of exposure period for each of the three exposure zones.
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where n is the total number of samples. The results are summarized in Fig. 11. The coefficients of
variation (COV) defined as mz/sz are shown in Fig. 12.

5. Discussion

The plots for the average corrosion loss as a function of period of exposure (Fig. 8) are in general
agreement with those found earlier for much smaller coupons, with a change in trend evident after an
early period during which the rate of corrosion gradually decreases. For the immersion curve there is
a distinct change soon after one year of exposure, consistent with the results for small coupons at this
site [20]. The change in trend occurs less obviously and later in time for the tidal and the splash zones,
again consistent with results for tidal and atmospheric corrosion [21].
Fig. 12. Coefficients of Variation as a function of exposure period for each of the three exposure zones.
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The standard deviations (SD) estimated according to Eq (8) are plotted in Fig. 11. They all show an
increase in standard deviation but the rate of increase declines after about one year exposure,
significantly so for the splash zone and less so for the tidal zone. Interpretation of these results is not
straight-forward but could be related to differences in the rate of corrosion on various parts of the
overall plates, captured in the segments that were cut off. It is unlikely to be the result of errors with the
digitizing as this would have been detected during the processing of the results. Previously the increase
in standard deviation for the immersion zone after about one year exposure has been attributed to the
effect of microbiological influences on corrosion since this is known to be related to the highly variable
settlement and growth of marine biological agents [22]. From an engineering perspective the most
important results are those for the Coefficients of Variation (COV), shown in Fig. 12. These show
a gradual decline in COV for the splash and the tidal zone, reflecting the increasing mean corrosion
levels to year 2.5. Importantly, the COV estimated from the present experiments is much lower than
estimates made from spot thickness measurements of ship corrosion [23] that show COV values
exceeding unity in some cases, even for parts that are not continually immersed. Similarly it is of
interest that while the COV for the immersed plates was initially quite high, reflecting the low early
corrosion loss and higher standard deviation, the eventual COV is roughly similar to the COV values in
the splash and tidal zones.

The values for the standard deviations and the coefficients of variation are rather different from
those reported earlier as estimated for small coupons [24]. The reason for the difference lies in the way
the measurements were made and what was actually considered. In the present case the form of the
corroded surface is considered in the estimates for SD and COV. In the earlier work the mass losses for
the individual coupons were used instead, and actually represent the SD and COV of the average
corrosion loss as derived from mass losses. Since the mass losses are for each coupon, they represent
average values and thus the SD and COV derived from them also are averages in this sense. In contrast,
the present results refer to the variation of the surface profile and are therefore a measure of the
surface undulation. They should not be applied where the average properties are of interest, for
example for a steel member in tension.

The spectra of reach of the individual plate segments, such as typical examples shown in Figs. 8–10,
all show that the frequency content of the corroded surfaces is closely bounded and of a wavelength
much smaller than the plate segments. As argued above, this shows that coupons of considerably
smaller size than the present plates or their segments can be used to obtain the characteristic features
of the corroded surface, including the mean mass loss and the standard deviation of mass loss. Intu-
itively this observation should not to be surprising. Fundamental ideas in corrosion mechanics
supports the notion that for wet corrosion the anodic and cathodic regions are closely spaced and that
therefore the corrosion current is not much influenced by the conductivity of the immediate
surrounding environment [25]. In fact, once some degree of corrosion products have built up on the
corroding metal surface for each of the splash, tidal and immersion zone exposures, conditions
immediately adjacent to the metal are highly likely to be continuously or semi-continuously wet,
permitting both the development of closely spaced anodes and cathodes and high corrosion currents.
As is well-known, in these wet conditions the rate limiting step in the corrosion process is the diffusion
of oxygen to the cathode, not limitations on corrosion currents. The net result, that relatively small
coupons can be used to characterize the corrosion process in the splash, tidal and immersion corrosion
zones is of practical importance for corrosion testing. Whether this argument can be extended to the
corrosion of steel in the atmosphere remains a matter for investigation.

Some tentative lower bounds were given above for the minimum size of coupon for the splash, tidal
and immersion corrosion zones. As noted, these were based on different assumptions, primarily as to
the degree of independence between adjacent observations of corrosion loss measured on a surface.
The bounds can be sharpened a little by proceeding from the assumption that uniform or near-uniform
corroded surfaces are partially if not wholly the result of multiple pits. Although a rather high degree of
correlation appears to be the case for the depth of adjacent pits in the early period of exposure, the
correlation appears to reduce with increased exposure. This can be seen informally through micro-
scope observations of pitted surfaces over one or more years exposure [18]. The implication is that
relative to pit size larger surface areas may be necessary for short-term exposures. But since pits grow
in surface area (as well as depth) with increased exposure time, the net effect is likely to be that the
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actual coupon size can be similar for both early and longer term exposure. On this basis the assumption
used above to obtain the larger (150 mm) bounds can now be seen to be rather conservative. The
smaller bounds of 15 mm are more likely to be appropriate.

6. Conclusion

The following conclusions may be drawn from the observations reported herein:

1. The corroded surfaces of plates exposed in the splash, tidal and immersion corrosion zones all
exhibit a highly regular corroded surface within the one zone. This is evident from visual obser-
vations of the corroded surface of large plates and from the spectra extracted from the digitised
surfaces of component plates.

2. These observations were found by experiment to be valid for exposures up to 2.5 years. However,
the data trends suggest that these observations are likely to remain valid for much longer periods
of exposure.

3. As a result it corrosion tests within each of the splash, tidal and immersion corrosion zones can
employ relatively small corrosion coupons to capture the essential characteristics of the form of the
corroded surfaces, including mass loss and pitting.

4. For the corrosion environment investigated herein, it was estimated that the minimum coupon
size should be no less than about 15mm square or closely similar. A conservative estimate suggests
that minimum coupon size of around 150 mm.
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One of the most challenging issues in the offshore oil and gas industry is corrosion assessment and man-
agement in subsea structures or equipment. The aim of this study was to investigate the corrosion pro-
gress characteristics of offshore oil well tubes used in the production of oil in deep water. A direct
measurement database of corrosion damage in terms of pit depth with age (time) in offshore oil well
tubes was collated. The corrosion data were statistically analysed to identify the probability density dis-
tribution of corrosion damage with time. An empirical formula to predict time-dependent corrosion dam-
age in offshore oil well tubes is suggested based on the results of the statistical analysis. Given that there
are few corrosion measurement databases of subsea equipment used for offshore oil and gas production
in the literature, this study should prove useful for assessing and managing corrosion damage in deep
water offshore oil well tubes, which are key pieces of equipment in offshore oil and gas production
systems.
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1. Introduction

Offshore oil and natural gas have long been used to meet the
sustained and increasing demand for energy. In recent years, the
hydrocarbon resources in shallow waters and reasonably benign
environments have been largely depleted, and the oil and gas
industries have been compelled to move into more challenging
environments such as deeper waters and harsher metocean
conditions. These industries will continue to explore and exploit
deeper waters as long as the demand for oil and gas continues to
increase.

Most of the equipment currently used in the offshore oil and gas
industry is approaching the end of its useful life, and the possibility
of equipment failing without significant warning is high. Recent oil
spills and equipment failures have demonstrated this danger. Var-
ious factors contribute to these incidents, including human error,
lack of advanced knowledge and corrosion effects.

Generally, ageing is a dominant life-limiting factor for any
structure, and corrosion is one is of the most serious features of
ageing [1]. It is well known that corrosion is a very complex pro-
cess, particularly in marine environments where it is significantly
affected by many environmental and material factors [2–4].
Corrosion problems occur in numerous subsystems within the off-
shore oil and gas production system, including oil well tubes. It is
All rights reserved.

: +82 51 512 8836.
essential to ensure that oil well tube structures are running in a
safe and controlled environment. Structures such as ships can be
repaired and maintained in a variety of ways, and usually have
dry docking procedures for maintenance and inspection. There
are no such procedures for the maintenance and repair of oil well
tube structures at subsea levels. Corrosion tolerance must thus be
carefully considered in the design of these structures. A schematic
figure of a subsea system with oil well tubes is shown in Fig. 1.

The aim of this study was to investigate the corrosion progress
characteristics of offshore oil well tubes in deep water and to sug-
gest an empirical formula for predicting the time-dependent corro-
sion wastage of these tubes.

Several relevant studies can be found in the literature. Fu et al.
[5] noted that the main factors contributing to oil tube corrosion
are sweet corrosion and erosion gas fluids. They used the grey rela-
tional method to determine the extent of the correlation between
the various factors in a system with uncertain information. Ren
et al. [6] used X-ray diffraction, scanning electron microscopy,
and electrochemical measurement to investigate the corrosion
behaviour of N80 steel tubes in a static solution containing carbon
dioxide (CO2) and hydrogen sulphide (H2S). Migahed et al. [7] stud-
ied the use of a newly synthesised compound as a corrosion inhib-
itor during the acidisation process in petroleum production
operations.

In studying the effect of flexure on the corrosion mechanism,
Melchers and Paik [8] concluded that the corrosion rate increases
by 10–15% when a structure is near or beyond the elastic limit of

http://dx.doi.org/10.1016/j.corsci.2012.10.008
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Fig. 1. Illustration of an offshore subsea oil and gas production system.
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Fig. 2. Typical types of corrosion of marine steel structures [2].
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steel. Paik and Tayamballi [9] emphasised that corrosion is one of
the factors that may affect the ultimate strength behaviour of steel
plate and that careful assessment needs to take into consideration
when to accommodate this effect. Many studies have been con-
ducted on the corrosion of pipeline structures, especially pipeline
pitting corrosion [10,11], failure pressure prediction for corroded
pipelines [12–14] and a general overview of pipeline corrosion
[15].

Research has also been conducted on corrosion modelling. Paik
et al. [16–19] developed time-dependent corrosion wastage mod-
els for ship structures. By statistically analysing corrosion data,
they proposed a mathematical function that defines a time-depen-
dent corrosion wastage model. Recently, Paik and Kim [20] devel-
oped an advanced method for developing a time-dependent
empirical corrosion wastage model that applies the probability
density parameter technique to the age of a structure. Melchers
et al. [21] statistically characterised corroded steel surfaces ex-
posed to marine environments, and found that the considerable
differences in corrosion loss between different exposure zones
are statistically dependent on the surface topography. Melchers
also reviewed the research on physical corrosion modelling in mar-
ine environments [22–27]. Chernov [28] and Chernov and Pon-
omarenko [29] developed a corrosion model that takes account
of the effect of the environment on corrosion. Numerous other
empirical models of ship corrosion wastage have been developed
[16–19,30–32].

Najjar et al. [33] and Jarrah et al. [34] both suggested an ad-
vanced method that efficiently predicts the maximum corrosion
pit depth using a combination of two statistical methods. In these
papers, generalised lambda distributions together with a com-
puter-based bootstrap method were used to determine a model
of distribution fitting and to generate simulated distributions that
were equivalent to the experimental case. Chowdhury [35] at-
tempted to derive accurate empirical relationships between the
mean and standard deviation of any given midship section as sim-
ple functions of corrosion loss. He observed that all geometric
properties are linear functions of the total corrosion loss, and that
there is a single constant relevant to the section that specifies the
property completely.

However, all of this previous research on corrosion wastage
models is limited to ships and floating structures. To the best of
Less than
30% circumference

(b) Line corrosion 

Exceed
30% circumference

orrosion 

Hole

50% of wall thickness

(e) Hole corrosion 

osion) for oil well tube structures [36].



Table 1
Measurements of the thickness reduction of oil well tubes.

Target oil
well tube

Age
(years)

Water
depth
(m)

Number of
measurements

Grade Tube wall
thickness
(mm)

A 5.1 1349.4 174 L-80 6.45
B 5.8 2610.1 287 L-80 6.45
C 9.1 1320.4 149 N-80 6.45
D 11.7 1419.0 197 AMS-

28
5.51

E 15.3 2254.7 246 N-80 6.45
F 18.2 1364.6 184 N-80 6.45
G 22.8 1941.4 200 N-80 5.51

Fig. 4. Principal view of an oil well tube under consideration [36].

15/16 pin connection

Memory battery holder

Memory Production Logging

Knuckle Joint

Roller Centralizer

STD Multifinger Imaging Tool (MIT)

Fig. 5. Schematic view of the Multifinger Imaging Tool (MIT) system [36].

Prepare MIT and tighten all connections

Hook up MIT battery and perform pre-job 
calibration

Hook up MIT to wireline tool string

Open well

MIT reaches survey depth and waits for 
the finger to open

MIT opens and start logging up from the bottom 
depth to the surface depth at 10 m/min

MIT arrives at the lubricator and waits for the finger 
to close

MIT brought to surface and rig lowered

MIT opened and post-job calibration performed

MIT closed and all  data downloaded 
MIT software 

Start

End

Fig. 6. Procedure for corrosion detection using the Multifinger Imaging Tool (MIT)
system [36].
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the authors’ knowledge, there are no corrosion wastage models for
subsea oil well tube structures. This study aimed to fill that gap by
contributing to the characterisation of corrosion progress in off-
shore oil well tubes. With the help of an offshore oil and gas pro-
duction company, a direct measurement database of corrosion
damage in terms of pit depth with time (age) in offshore oil well
tubes was collated. The method of Paik and Kim [20] was then used
to derive an empirical formula to predict the time-dependent cor-
rosion damage of the tubes.
2. Classification of oil well tube corrosion

In general, several types of corrosion are relevant to offshore
steel structures, as shown in Fig. 2 [2]. However, the corrosion clas-
sification schemes for subsea oil well tube structures are slightly
different. There are five types: ring, line, general, isolated and hole
corrosion [34]. This corrosion classification is illustrated in Fig. 3.
3. Collation of the corrosion measurement database for
offshore subsea oil well tubes

With the help of an offshore oil and gas production company, a
direct measurement database of corrosion damage in offshore



0:00
Finger
open for calibration

5:00
Finger
close for rig-up

4:45
0 m

2:00
Finger
open for main log
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4:45
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2523 m

Total survey time
Approximately 5h 20min

Fig. 7. Schematic view of the MIT running sheet [36].

Table 2
Frequency of wall thickness reduction (pit depth) due to corrosion in the oil well
tubes.

Pit depth interval (mm) Age (years)

5.1 5.8 9.1 11.7 15.3 18.2 22.8

0.0–0.2 69 162 24 27 8 0 45
0.2–0.4 55 54 78 72 76 23 68
0.4–0.6 39 38 36 72 82 76 26
0.6–0.8 10 20 9 13 64 37 10
0.8–1.0 1 10 2 7 13 24 5
1.0–1.2 0 3 0 4 3 10 1
1.2–1.4 0 0 0 0 0 7 3
1.4–1.6 0 0 0 0 0 3 3
1.6–1.8 0 0 0 1 0 4 0
1.8–2.0 0 0 0 0 0 0 2
2.0–2.2 0 0 0 0 0 0 6
2.2–2.4 0 0 0 0 0 0 12
2.4–2.6 0 0 0 0 0 0 6
2.6–2.8 0 0 0 0 0 0 3
2.8–3.0 0 0 0 0 0 0 1
3.0–3.2 0 0 0 0 0 0 2
3.2–3.4 0 0 0 0 0 0 5
3.4–3.6 0 0 0 0 0 0 1
3.6–3.8 0 0 0 0 0 0 0
3.8–4.0 0 0 0 0 0 0 0
4.0–4.2 0 0 0 0 0 0 1
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subsea oil well tubes was collated. Corrosion measurements for
seven oil well tubes with an age range of 5.1–22.8 years were
Fig. 8. Typical view of the cross sectio
obtained. Details of the corrosion measurements for each oil well
tube are given in Table 1. Fig. 4 shows the principal view of an
oil well tube. Table 1 shows that the greater the water depth of
an oil well tube, the larger the number of measurements taken.

It is not straightforward to detect corrosion damage in offshore
subsea oil well tubes. In this study, corrosion detection was per-
formed using a Multifinger Imaging Tool (MIT), and the detected
corrosion data were analysed using three-dimensional MIT soft-
ware. Fig. 5 shows a schematic view of the MIT system [36].
Fig. 6 shows the procedure for corrosion detection in offshore sub-
sea oil well tubes. Before the corrosion detection commenced, the
well tube was cleaned using a 70.6 mm drift and tagged XN-nipple
at 1500–2000 m. A sinker bar was run after the 70.6 mm drift to
below the XN-nipple. The MIT was logged at 3 m below the XN-
nipple and set to surface at a speed of 10 m/min. [36]. Fig. 7 illus-
trates a schematic view of the MIT running sheet.

The measurements of the instances and pit depth of the corro-
sion on the inner side of the oil well tube were obtained for seven
operating oil well tubes to give a total of 1437 pit measurements,
as shown in Table 1. The amount of corrosion damage loss (re-
duced wall thickness or pit depth) relative to the immersion time
is summarised in Table 2.

The internal surface of an oil well tube is normally well coated,
and corrosion does not occur until the coating has become ineffec-
tive. The internal surface coating is thus an important part of oil
well tube corrosion protection, as the breakdown of the coating
n of a corroded oil well tube [36].



Well tube age = 5.1 years

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Pit depth (mm)

0.0

0.1

0.2

0.3

0.4

0.5

P
ro

ba
bi

lit
y 

de
ns

it
y

Normal

Lognormal

Exponential Weibull

3-ParameterWeibull

Gamma

(a) PDF versus corrosion pit depth for a 5.1-
year-old tube 

4.0 6.0 8.0 0.1 2.10.20.04.0- 2.0-

100

80

60

40

20

0

Pit depth (mm)

120

Normal

Lognormal

Exponential

Weibull

3-Parameter Weibull

Gamma

Well tube age = 5.1 years

(b) CDF versus corrosion pit depth for a 5.1- 
year-old tube 

Well tube age = 5.8 years

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Pit depth (mm)

0.0

0.2

0.4

0.6

0.8

P
ro

ba
bi

lit
y 

de
ns

it
y

Normal

Lognormal

Exponential

Weibull

3-ParameterWeibull

Gamma

(c) PDF versus corrosion pit depth for a 5.8- 
year-old tube 

1.51.00.50.0

100

80

60

40

20

0
-0.5

Pit Depth (mm)

120

Normal

Lognormal

Exponential

Weibull

3-Parameter Weibull

Gamma

Well tube age = 5.8 years

C
um

ul
at

iv
e 

de
ns

it
y

C
um

ul
at

iv
e 

de
ns

it
y

(d) CDF versus corrosion pit depth for a 5.8- 
year-old tube 

Well tube age = 9.1 years

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Pit depth (mm)

0.0

0.2

0.4

0.6

P
ro

ba
bi

lit
y 

de
ns

it
y

Normal

Lognormal

Exponential

Weibull
3-ParameterWeibull

Gamma

(e) PDF versus corrosion pit depth for a 9.1- 
year-old tube 

0.0 2.0 4.0 6.0 8.0 0.1 2.1-0.2

100

80

60

40

20

0

Pit depth(mm)

C
um

ul
at

iv
e 

de
ns

it
y

120

Normal

Lognormal

Exponential

Weibull

3-Parameter Weibull

Gamma

Well tube age = 9.1 years

(f) CDF versus corrosion pit depth for a 9.1- 
year-old tube 

Fig. 9. Probability density distribution (PDF) and cumulative density distribution (CDF) versus pit depth for various ages of oil well tubes.
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triggers the start of corrosion. A sample view of corrosion taken
with the MIT 3-dimensional software is illustrated in Fig. 8.

4. Analysis of the corrosion progress characteristics of offshore
subsea oil well tubes

4.1. Probabilistic characteristics of corrosion damage

The corrosion measurements in the database were statistically
analysed. Fig. 9 shows the probability density distribution (PDF)
and cumulative density distribution (CDF) versus pit depth for var-
ious ages of oil well tubes. Fig. 9 also compares possible represen-
tations of the various probability density functions to the corrosion
database.

The probability density function that best represents the corro-
sion database was determined by a goodness of fit test. The Ander-
son–Darling [37] test statistic was used to quantify how well the
database follows a particular distribution. The better the distribu-
tion fits the data, the smaller the statistic. Tables 3(a) and 3(b)
summarise the results of the Anderson–Darling goodness of fit test



Table 3(a)
Goodness of fit test (Anderson–Darling) for various probability distribution functions.

Distribution function Goodness of fit test (Anderson–Darling)

Age (years)

5.1 5.8 9.1 11.7 15.3 18.2 22.8 Average

Normal 4.51 15.59 4.74 5.21 2.54 7.59 23.91 9.16
Lognormal 12.14 7.36 12.24 9.91 1.89 1.73 4.06 7.05
Exponential 7.63 5.37 24.32 23.72 43.42 30.43 9.75 20.66
2-Parameter Weibull 8.46 5.88 6.16 4.82 1.86 5.52 6.12 5.55
3-Parameter Weibull 21.39 17.09 5.53 4.80 1.56 2.21 6.00 8.37
Gamma 8.24 6.11 8.68 5.67 1.31 3.19 7.12 5.76

Table 3(b)
Goodness of fit test ratio (Anderson–Darling) for various probability distribution functions.

Distribution function Goodness of fit test ratio (Anderson–Darling)

Age (years)

5.1 5.8 9.1 11.7 15.3 18.2 22.8 Average

Normal 0.21 1.00 0.19 0.22 0.06 0.25 1.00 0.367
Lognormal 0.57 0.47 0.50 0.42 0.04 0.06 0.17 0.279
Exponential 0.36 0.34 1.00 1.00 1.00 1.00 0.41 0.639
2-Parameter Weibull 0.40 0.38 0.25 0.20 0.04 0.18 0.26 0.214
3-Parameter Weibull 1.00 1.10 0.23 0.20 0.04 0.07 0.25 0.361
Gamma 0.39 0.39 0.36 0.24 0.03 0.10 0.30 0.226

Anderson-Darling = 5.214

(a) Normal distribution - 95% confidence 
interval

Anderson-Darling = 9.905

(b) Lognormal distribution - 95% 
confidence interval

Anderson-Darling = 23.271

(c) Exponential distribution - 95% 
confidence interval

Anderson-Darling = 4.818

(d) Weibull distribution - 95% confidence 
interval

Anderson-Darling = 4.818

(e) 3-Parameter Weibull distribution -95% 
confidence interval

Anderson-Darling = 5.674

(f) Gamma distribution - 95% confidence 
interval

Fig. 10. Goodness of fit test (Anderson–Darling) for various probability density functions for an 11.7-year-old tube.
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Fig. 11a. Pit depth versus oil well tube age.

Fig. 11b. Variation in the probability density distribution of pit depth for tubes of
different ages.
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and its ratio, respectively. Fig. 10(a–f) show the typical goodness of
fit test (Anderson–Darling) for an 11.7-year-old oil well tube. The
results of the goodness of fit test indicate that the 2-parameter
Weibull function best represents the corrosion progress character-
istics of offshore subsea oil well tubes.

4.2. Modelling of time-dependent pit depth

Based on the foregoing statistical analysis, the 2-parameter
Weibull function was selected to represent the corrosion charac-
teristics of subsea oil well tubes. The time-dependent pit depth
was then modelled using the method of Paik and Kim [20].

Fig. 11(a) shows the corrosion damage (pit depth) as a func-
tion of time (oil well tube age) and its relative frequency for each
year. The figure shows the distribution of the relative frequency
of corrosion loss (pit depth) to be very scattered. As discussed
in Section 4.1, however, the relative frequency (probability)
distribution of the corrosion damage tends to follow a Weibull
distribution. Fig. 11(b) shows the probabilistic characteristics of
pit depth as a function of age. It is evident from Fig. 11(b) that
the statistical characteristics of the corrosion progress differ with
age.

In the statistical modelling of a random variable the effect of
the histogram interval (or bin width) is usually significant. The
bin width that gives the largest mean value and the smallest
coefficient of variation (COV) should be selected [16]. The Doane
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Fig. 12. Effect of histogram interval (bin width) on the mean and COV of pit depth (the solid lines represent the mean value and the dotted lines represent the COV).
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Fig. 13. Probability density distribution of pit depth and best fit using the 2-parameter Weibull function.
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Fig. 14b. Approximation of the scale parameter with the 2-parameter Weibull
function.

Table 4
Mean and COV of pit depth for the various oil well tubes.

Target oil well
tube

Age
(years)

Pit depth mean
(mm)

S.D.
(mm)

COV

A 5.1 0.3300 0.1861 0.5814
B 5.8 0.3132 0.21 0.6761
C 9.1 0.4086 0.1304 0.3192
D 11.7 0.4868 0.2128 0.4342
E 15.3 0.5856 0.186 0.3176
F 18.2 0.7409 0.3002 0.4052
G 22.8 1.0210 0.8103 0.7936

Note: S.D. = standard deviation, COV = coefficient of variation.

Table 5
Comparison of the mean and standard deviation of pit depth derived from the
measurements and Eq. (4).

Age
(years)

Measurements Eq. (4)

a b Mean
(mm)

S.D
(mm)

a b Mean
(mm)

S.D
(mm)

5.1 1.777 0.3596 0.3300 0.1861 1.615 0.3510 0.3144 0.1995
5.8 1.507 0.3471 0.3132 0.21 1.873 0.3646 0.3237 0.1795
9.1 3.467 0.4544 0.4086 0.1304 2.789 0.4462 0.3973 0.1541

11.7 2.441 0.5490 0.4868 0.2128 3.160 0.5313 0.4756 0.165
15.3 3.486 0.6510 0.5856 0.186 3.164 0.6791 0.6079 0.2106
18.2 2.657 0.8336 0.7409 0.3002 2.735 0.8235 0.7327 0.2893
22.8 1.269 1.1000 1.0210 0.8103 1.267 1.0991 1.0206 0.8111

Note: a = shape parameter, b = scale parameter, S.D. = standard deviation.
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formula [38] is useful for determining the best bin width
value. Fig. 12 shows the effect of bin width on the mean and
COV of pit depth at different ages, and indicates the bin width
value that gives the largest mean value and the lowest COV
value.
The 3-parameter Weibull function is given as follows:

f ðxÞ ¼a
b

x� c
b

� �a�1

� exp � x� c
b

� �a� �
; ð1Þ

where, a = shape parameter, b = scale parameter and c = location
parameter.

Because the 2-parameter Weibull function gave the best repre-
sentation of the corrosion progress of the offshore subsea oil well
tubes, c = 0 is applied. Eq. (1) can then be rewritten as follows:

fc ¼ a
b

Ye

b

� �a�1

� exp � Ye

b

� �a� �
; ð2Þ

where fc is a function of the corrosion damage depth (pit depth); Ye

is the age of the well tube in years after the breakdown of the coat-
ing, which can be given as Ye = Y � Yc; Yc is the coating life and Y is
the age of the oil well tube structure. Here, the coating life is un-
known and is presumed to be zero.

Fig. 13 shows the probability density distribution of pit depth
and the best fit with the measured corrosion progress data using
the 2-parameter Weibull function. The two parameters a and b
can be approximated by the following continuous formula.

a ¼ �0:02287Y2
e þ 0:61835Ye � 0:94398 ð3:aÞ
b ¼ 0:001347Y2
e þ 0:004688Ye þ 0:292059 ð3:bÞ

Figs. 14(a) and 14(b) confirms the accuracy of Eq. (3).
The following formula is suggested to predict the time-depen-

dent pit depth of offshore subsea oil well tubes:

fc ¼ a
b

Ye

b

� �a�1

� exp � Ye

b

� �a� �
; ð4Þ

where, a ¼ �0:02287Y2
e þ 0:61835Ye � 0:94398; and b ¼

0:001347Y2
e þ 0:004688Ye þ 0:292059.

Eq. (4) can also be used to calculate the corrosion rate at any gi-
ven time (age) by differentiating the pit depth with respect to the
age of the oil well tube Y. Table 4 summarises the mean value and
COV of pit depth for the various ages of oil well tube considered.

Table 5 and Figs. 15–17(a) and 17(b) compare the pit depth pro-
gress characteristics of offshore oil well tubes as derived from the
measurements and Eq. (4). Eq. (4) is in good agreement with the
direct measurements of pit depth. The results show that the corro-
sion rate of offshore subsea oil well tubes tends to speed up once
the tubes reach 15 years of age.
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Fig. 15. Comparison of the shape and scale parameter values derived from the measurements and Eq. (4).

Fig. 16. Comparison of the mean and standard deviation (S.D.) of pit depth derived from the measurements and Eq. (4).
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Fig. 17a. Comparison of the mean values of time-dependent pit depth derived from
the measurements and Eq. (4).

Fig. 17b. Comparison of the probability density distribution of pit depth with time
derived from the measurements and Eq. (4).
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5. Concluding remarks

The aim of this study was to investigate the progress character-
istics of corrosion in offshore subsea oil well tubes and develop an
empirical formula for the prediction of the time-dependent corro-
sion pit depth. The following conclusions are drawn from the
findings.

(1) Although it is very hard to obtain direct measurements of
offshore subsea oil well tubes, the MIT (Multifinger Imaging
Tool) system proves useful in this regard.

(2) The probability density distribution of corrosion pit depth in
offshore subsea oil well tubes tends to follow the 2-param-
eter Weibull function.

(3) The effect of histogram interval (bin width) on the mean and
COV values of pit depth is significant in the statistical mod-
elling process. The bin width that gives the largest mean
value and the smallest COV value should be selected.

(4) The probability density distribution of pit depth differs with
age.

(5) Eq. (4) is in very good agreement with the direct measure-
ments of pit depth with time in offshore subsea oil well
tubes.
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1. Introduction
The majority of oil companies today are focusing on maximizing the recovery factor (RF) from
their oilfields as well as maintaining an economic oil rate. This is because it is becoming
increasingly difficult to discover new oilfields. Most of the sedimentary basins that might contain
oil have already been explored and new discoveries tend to be small. Those basins that remain
unexplored are in remote and environmentally sensitive areas of the world (e.g. the Arctic and
the Antarctic). Although there are huge volumes of unconventional hydrocarbons, such as the
very viscous oils, oil shales, shale gas and gas hydrates, many of the technologies for exploiting
these resources are either very energy intensive (e.g. steam injection into heavy oil), politically or
environmentally sensitive (e.g. as seen in recent adverse press coverage of ‘fraccing’ to recover
shale gas) or are not yet ready to be applied at scale.

The average RF from mature oilfields around the world is somewhere between 20% and
40% [1–3]. This contrasts with a typical RF from gas fields of between 80% and 90%. At current
production rates existing proven oil reserves will last 54 years [4]. This is probably as good as
it has ever been. Improving oil recovery to that typical of gas fields could more than double the
time for which oil is available or alternatively allow for increased production rates. This would
provide more time for an increasingly energy-hungry world to develop alternative energy sources
and technologies.

Crude oil and natural gas are found in large underground deposits (usually termed reservoirs
or pools) in sedimentary basins around the world. The largest oil reservoir in the world (the Arab
D limestone in Ghawar in Saudi Arabia) is approximately 230 km long and 30 km wide and 90 m
thick [5]. While most commercially exploited minerals and ores exist as solid rocks and have to
be physically dug out of the ground, oil and gas exist as fluids underground. They occupy the
connected pore space (figure 1) within strata of sedimentary rocks (figure 2), typically sandstones
or carbonates.

Oil and gas are extracted by creating pressure gradients within the reservoir that cause the
oil and/or gas to flow through the interconnected pores to one or more production wells. In
most oilfields the pressure gradients are maintained by injecting another fluid (usually water
but sometimes gas and termed ‘water flooding’ or ‘gas flooding’, respectively) into the reservoir
through injection wells. The injected water displaces the oil and occupies the pore space that it
originally occupied. By contrast, gas fields are normally exploited simply by reducing the pressure
at the production well using compressors. The gas in the reservoir expands as the pressure drops
and thus flows to the production well.

Enhanced oil recovery (EOR) involves injecting a fluid into an oil reservoir that increases oil
recovery over that which would be achieved from just pressure maintenance by water or gas
injection. For lighter oils, these processes include miscible gas injection [6,7], water alternating
gas (WAG) injection [8], polymer flooding [9], flow diversion via polymer gels [10] and the use of
surfactants [11]. For more viscous (so-called heavy) oils these processes include steam injection
and air injection (leading to in situ combustion) [12]. The majority of EOR processes used today
were first proposed in the early 1970s at a time of relatively high oil prices.

Improved oil recovery (IOR) is a term that is sometimes used synonymously with EOR [13]
although it also applies to improvements in oil recovery achieved via better engineering and
project management, e.g. identifying volumes of oil that have been bypassed during water
injection using seismic surveying and then drilling new wells to access those oil pockets [14,15].
It was first introduced in the late 1980s when the oil price dropped and as a result there was
less interest in EOR technologies. At this time there were significant improvements in computer
processing speed, computer memory and seismic analysis [16]. Improved computing power
enabled engineers to build more complex geological models and thus estimate the effect of
reservoir heterogeneity on flow [17–19]. Improved seismic analysis algorithms combined with
more powerful computers meant that engineers and geoscientists could use ‘four-dimensional’
seismic surveying, involving the comparison of seismic data taken at different times, in
combination with reservoir simulation to identify bypassed volumes of oil on the scale of
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Figure 1. A thin section through an oil-bearing sandstone showing how the oil (dyed blue) and water (dyed yellow) occupy
the spaces between the sand grains. The pore space was originally filled with water before oil migrated into the reservoir rock
displacing the water.

Figure 2. Photograph of the Bridport sands that are exposed in cliffs near West Bay, UK. These rocks form one of the reservoirs
in the Wytch Farm oilfield that is found near Bournemouth, UK. (Online version in colour.)

hundreds of metres horizontally and tens of metres vertically [16]. Developments in measurement
while drilling [20] and a new capability to drill deviated, horizontal and multi-lateral wells meant
that engineers could target these bypassed accumulations very accurately and drain them.

Using combinations of traditional EOR and IOR technologies it has been possible to achieve
RFs of between 50% and 70% [21,22] for some fields but this is still less than the typical RF for a gas
field. It is believed that much of this remaining oil is trapped or bypassed in volumes that cannot
be accessed by IOR technologies, on lengthscales that cannot be resolved by seismic surveying or
accessed by drilling new wells.

New and improved EOR processes are needed to access this remaining oil and improve RFs
further while maintaining economic oil production rates. This paper will review existing and
emerging EOR technologies, discussing the underlying science, its application and its limitations.
In particular, it will focus on recent advances in our understanding of the nature of wettability
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in rocks and discuss the opportunities arising from the much wider range of polymers that
is now available commercially. These two factors have driven a renewed interest in existing
EOR technologies and the development of new methods. We will concentrate primarily on the
recovery of conventional, light oil from fields that have already been or are about to be developed.
The recovery of heavy and unconventional oils will not be discussed in any detail, nor will we
consider the recovery of oil by IOR techniques except in passing.

2. Why is recovery so low?
Water flooding is currently the preferred recovery technique for most reservoirs because of the
higher sustained oil production rates, and the overall higher RFs, that are obtained compared
with the case if water were not injected. Oil production without injection is often termed primary
recovery. This is because the first wells drilled in a field development are typically production
wells to enable oil production and thus the start of income from a field. Where reservoir pressure
is well above the bubble point, primary production can be continued for some time before
additional pressure support is required to prevent gas coming out of solution in the reservoir.

During depletion, oil flows through the production wells to the surface because the pressure
at the base of the well exceeds that exerted by the hydrostatic head of the column of oil in the
well. Initially, this occurs naturally but over time the oil rate tends to decrease as the reservoir
pressure decreases. In the absence of water injection, pumping may be used to maintain oil rate
at economic levels. If reservoir pressure falls below the oil bubble point pressure, gas that was
initially dissolved in the oil will come out of solution and, because it has a much lower viscosity,
will flow preferentially to the production well. At the same time the viscosity of the remaining oil
increases, reducing its mobility further. This will reduce the oil production rate further (although
it may increase the total (oil plus gas) production rate through reducing the hydrostatic head in
the well). Water (or gas) injection is usually applied before this happens so as to maintain reservoir
pressure above the bubble point. For this reason, it is sometimes known as secondary recovery.

Water flooding is relatively cheap, especially for offshore fields because of the ready
availability of seawater, although care has to be taken to ensure that the injected water does not
result in unwanted, adverse reactions in the reservoir. In some cases injected brines may react
with the naturally occurring water in the reservoir (termed connate water) to form scale while
injecting very pure water rather than brine may result in clay swelling. Both of these may block
the rock pores and reduce the rock permeability. The cost of drilling additional wells for injection
is more than outweighed by the increased oil rates that result. Re-injection of gas (produced along
with the oil) is used when there is no easy, economic way to export it for sale.

The factors affecting RF from water flooding (and gas flooding) can be understood by
considering the following approximate relationship [23]:

RF = EPS × ES × ED × EC, (2.1)

where (i) RF is the recovery factor which is defined as the volume of oil recovered over the volume
of oil initially in place (OIIP), both measured at surface conditions. (ii) EPS is the microscopic
displacement efficiency. This describes the fraction of oil displaced from the pores by the injected
water, in those pores which are contacted by the water. (iii) ES is the macroscopic sweep
efficiency—the proportion of the connected reservoir volume that is swept by the injected fluid(s).
This is principally affected by heterogeneity in rock permeability and by gravitational segregation
of the fluids. (iv) ED is the connected volume factor—the proportion of the total reservoir volume
connected to wells. This represents the fact that sealing faults or other low-permeability barriers
may result in compartments of oil that are not in pressure communication with the rest of the
reservoir. (v) EC is the economic efficiency factor, representing the physical and commercial
constraints on field life such as facilities life, capacity to deal with produced gas and water,
reservoir energy (the reservoir pressure may become so low that fluids cannot be produced).
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It can even be seen that if each of the efficiency factors is a very respectable 80% then the
overall RF is only 41%. Increasing RF therefore requires each of these factors to be increased to
close to 100%.

EOR methods are targeted at increasing EPS and ES while IOR methods also aim to increase ED

and to some extent ES. Improving EC is mainly the role of the production and facilities engineers
but is also affected by EOR methods if these reduce the amount of water and gas produced
alongside the oil, enabling oil to be produced for longer before economic limits are reached.

(a) Factors influencing microscopic displacement efficiency
The typical microscopic displacement efficiency from a water flood is 70% or less. This is mainly
because oil ganglia become trapped in the pore space by capillary effects [24,25] but EPS is also
affected by the relative permeability characteristics of the rock [26], which control the relative
mobility of the oil and water when moving through the pore space.

The importance of pore-scale capillary effects on a displacement can be quantified by the
capillary number

Ca = vμ

γ
, (2.2)

where v is the interstitial velocity, μ is the fluid viscosity and γ is the interfacial tension (IFT)
between the displaced and displacing fluid. When Ca < 10−5 flow is dominated by capillary
effects and, in particular, capillary trapping is likely to occur. The typical interstitial velocity in
an oilfield displacement (distant from the wells) is approximately 10−5 m s−1 while the viscosity
of a typical light oil is similar to that of water (approx. 10−3 Pa s). The IFT between brine and oil
is approximately 70 mN m−1 so for a typical water flood the capillary number is approximately
2.5 × 10−7. It is generally not possible to apply a sufficiently large pressure gradient between
wells to significantly increase the interstitial velocity or to maintain this velocity while injecting a
high-viscosity fluid, thus the only way for a reservoir engineer to increase the capillary number
is to reduce the IFT. Based on the above calculations this means that the IFT between the oil
and the displacing fluid has to be less than approximately 0.1 mN m−1 in order to minimize
capillary trapping.

Both capillary and relative permeability effects are also influenced by the wetting behaviour of
the rock in which the oil is found. As discussed in the previous paragraph, if the rock is water wet
then there is a higher residual oil saturation (the proportion of oil which remains permanently
trapped by capillary effects at the pore scale). This is caused by the growth in the water film
on the rock surface during water injection, which ultimately leads to water bridging at the pore
throats (so-called snap-off [27]; figure 3) trapping droplets of oil within the pores. As a result, little
oil is produced after water breakthrough at the production well unless a higher pressure drop is
applied (which is impractical in most cases).

If the rock is oil wet, then the proportion of oil trapped by capillary effects is much lower,
as oil continuity is maintained over the rock surfaces and through the pore throats, but water
breakthrough is earlier and there is a long period of time during which oil and water are produced
simultaneously. The net result is that overall recovery is generally higher [28] if the reservoir rock
is oil wet but only after a very large throughput of water.

Most oil reservoir rocks are thought to have a heterogeneous wettability, usually termed
‘mixed wettability’, in that larger pores and throats have both water- and oil-wet surfaces but
smaller pores remain mainly water wet [29,30]. It is believed that the reservoir rock changes
from an initially water-wet state to this mixed wettability state after the migration of oil into
the reservoir [31,32]. Polar compounds in the oil alter the wettability of the rock by a range
of interactions including precipitation of asphaltenes, acid–base interactions and ion binding
between charged sites on the pore walls and polar hydrocarbon moieties involving higher valency
ions in the water that shares the pore space with the oil [31,33–35]. The wettability of reservoir
rock thus depends upon its mineralogy, the crude oil composition, the connate water composition
and the pore size distribution.
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Figure 3. Illustration of oil trapping in a water-wet rock. (a) At discovery the sand grains are coated with a thin water film
and the pores are filled with oil; (b) as water flooding progresses the water films become thicker until (c) the water films join
and oil continuity is lost.

During water flooding in a mixed wettability rock oil and water drain simultaneously through
the pore space, snap-off is reduced as most throats have both oil- and water-wet surfaces and
thus there is less capillary trapping of oil. This simultaneous drainage of water and oil through
the pore space behind the water front combined with the lower residual oil saturation means that
more oil is recovered than when the rock is either water or oil wet [36,37].

Increasing microscopic displacement efficiency depends upon finding ways to (i) reduce
capillary effects, by reducing the oil–water (or gas) IFT, and (ii) modify the rock wettability to
the optimum mixed wettability state.

(b) Factors influencing macroscopic sweep efficiency
The macroscopic sweep efficiency of a water flood is principally affected by the geological
heterogeneity in the reservoir, which controls the spatial distribution of porosity and permeability.
Rock permeability is dependent on the number, size and connectivity of the pores in the rock.
The permeability of a typical reservoir rock is approximately 10−13 m2. A very good reservoir
rock might have permeability as high as 10−11 m2 while a permeability of 10−15 m2 would be
considered very poor. It is controlled by the size of the sediment grains from which the rock
was formed, their packing and the subsequent diagenesis (chemical alteration) and cementation
(mineral deposition) around those grains. The patterns of grains forming a sedimentary rock
depend upon the depositional environment in which the original sediments were formed. These
result in permeability heterogeneities with lengthscales from millimetres to kilometres (figure 4).

Higher permeability channels or layers (often described as ‘thief zones’) through the rock
are one common, adverse manifestation of geological heterogeneity. The injected water flows
preferentially through these zones, bypassing volumes of oil contained in the lower permeability
portions of the reservoir. This results in early water production along with the oil and a reduced
RF (figure 5).

A particular problem is that the distribution of permeability in a reservoir is usually
very uncertain. It is possible to infer the general characteristics of the heterogeneity from
the depositional environment and sometimes to correlate specific rock layers between wells,
but there is virtually no information about the detailed permeability distribution on smaller
lengthscales (e.g. [39,40]). This means that statistical approaches, often based on limited numbers
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Figure 4. Examples of the types of geological heterogeneities encountered in sandstone oil reservoirs. These examples come
from rocks deposited in a deltaic environment. (a) Photograph of a heterolithic facies with permeability variations on a
centimetre lengthscale vertically and a 10 cm lengthscale horizontally (after Jackson et al. [38]). (b) Interpreted picture of tidal
bar deposits. The lengthscale of these heterogeneities is approximately 100 m. (Online version in colour.)

water

oil

273 m

6 m

Figure5. Anumerical simulationof awater flood throughaheterogeneous reservoir. Flow is from left to right. Theoil is coloured
red and the water saturation is shown in shades of blue. The water has flowed preferentially through the higher permeability
parts of the reservoir, resulting in early water breakthrough at the production well and regions of bypassed oil that will not be
recovered.

of realizations of the possible reservoir heterogeneity, are needed when attempting to predict
reservoir performance (e.g. [19]).

The effect of geological heterogeneity is exacerbated if the injected fluid has a much lower
viscosity than the oil, as is the case when gas is injected instead of water [41–45]. This effect is
characterized by the mobility ratio M, which compares the mobility of the saturating (S) and
displacing (D) phases in the porous medium

M = μSkrD(Sor)
μDkrDS(Swc)

, (2.3)

where krD(Sor) is the relative permeability of the porous medium to the displacing phase at
the residual oil saturation Sor, krDS(Swc) is the relative permeability of the oil to the displacing
phase at the immovable water saturation Swc and μ is the viscosity of the fluid. This is derived
from the Darcy equation [46]. The viscosity component of this equation is usually dominant.
Even in a homogeneous reservoir, the macroscopic sweep will be reduced when M > 1 owing
to unstable viscous fingering ([43,47–49]; figure 6), where fingers of the displacing fluid develop
along the gas–oil interface, rather than the more efficient even contact zone. A typical oil–water
viscosity ratio is about 2 while a typical gas–oil viscosity ratio is about 20 [49]. In most cases, it
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miscible gas oil

Figure 6. A numerical simulation of viscous fingering seen when low-viscosity gas displaces higher viscosity oil. The viscosity
ratio in this simulation is 10. Flow is from left to right. (Online version in colour.)

is channelling caused by the reservoir heterogeneity rather than viscous fingering that dominates
macroscopic sweep.

Macroscopic sweep may also be affected by gravitational segregation but this is more often
observed in gas–oil rather than water–oil displacements because of the higher density contrast
between gas and oil [6]. The gas tends to rise above the oil because of its low density and then
flow rapidly along the top of the reservoir in an unstable gravity tongue [50] because of its low
viscosity. This can result in very early gas breakthrough and poor vertical sweep efficiency.

Improving the macroscopic sweep efficiency depends upon finding techniques that minimize
the impact of geological heterogeneity. This is usually achieved by a mixture of viscosity
modification of the injected fluid and/or flow diversion in which the water is diverted from
the higher permeability zones in the reservoir into the lower permeability rock still containing
displaceable oil. In gas floods, it is also important to minimize gravitational segregation.

3. Overview of conventional enhanced oil recovery processes
As noted above, the purpose of EOR technologies is to improve the microscopic displacement
efficiency and/or the macroscopic sweep efficiency over that obtained from water flooding.
Traditionally these involved adding chemicals to the injected water to change its viscosity and/or
reduce the IFT with oil, or injecting other fluids into the reservoir (such as carbon dioxide, nitrogen
or hydrocarbon gases) that have a very low IFT with the oil (less than 0.1 mN m−1). Most EOR
processes are thus more expensive to implement than a conventional water flood and only become
economically attractive for larger oilfields and when the oil price is high.

(a) Miscible gas injection
Miscible gas injection is an EOR process that improves microscopic displacement efficiency by
reducing or removing the IFT between the oil and the displacing fluid (the miscible gas). When
used after a water flood this has the effect of re-establishing a pathway for the remaining oil
to flow through and results in a very low residual oil saturation (2% has been measured in
reservoir cores recovered from gas swept zones [51]). The drawback of this process is that the
gas is both less viscous and less dense than the oil. As a result, these schemes often have a
lower macroscopic sweep efficiency as they are adversely affected by viscous fingering [43,47–49],
heterogeneity [42,44] and gravity [49,50].

The injected gas may be hydrocarbon gas, carbon dioxide or nitrogen depending on what
is available and the reservoir conditions. CO2 is miscible with oil at a relatively low pressure
and temperature but obviously requires a source of CO2. Past applications were in fields near
natural sources of CO2 [52,53]. It can result in problems with corrosion of steel pipe unless care is
taken in the design of wells, flowlines and facilities [54] as well as provision for the separation of
the CO2 from the hydrocarbon gas when produced. Nitrogen requires a relatively high reservoir
pressure for miscibility and involves the use of additional equipment to separate it from the air.
As a result, it has not been widely used [53]; the Mexican supergiant Cantarell field is the best
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known example [55]. Hydrocarbon gas is usually readily available from the field itself or adjacent
fields and is thus most widely used, especially in fields where there is no ready market for the
gas [22,51,53,56]. In most cases, however, the produced gas that was originally associated with the
oil has to be artificially enriched with heavier components in order to make it miscible or nearly
miscible with the oil. It may also have to be supplemented with gas from other sources or water
injection (see §3b) because the volume of produced gas, when re-injected, may not be sufficient to
maintain reservoir pressure above the minimum miscibility pressure (MMP).

It is more usual for the injected hydrocarbon gas to be nearly miscible with the oil rather than
miscible on first contact. Miscibility then develops between the fluids through the exchange of
components, commonly referred to as multi-contact miscibility, resulting in the gas becoming
heavier as it passes through the oil and/or the oil becoming lighter [6,7]. However, even if the gas
does not achieve full miscibility with the oil there are likely to be pore-scale displacement benefits
compared with a water flood as gas components may dissolve in the oil, causing its volume to
increase and its viscosity to reduce. As a result it is possible for an immiscible gas flood to result
in a lower residual saturation than a water–oil displacement.

(b) Water alternating gas
WAG injection is an EOR process that was developed to mitigate the technical and economic
disadvantages of gas injection. It is the most widely applied and most successful traditional EOR
process [8,56].

It involves the injection of slugs of water alternately with gas although sometimes the two
fluids are injected simultaneously (termed SWAG). Usually the gas is first contact miscible or
multi-contact miscible with the oil but this is not always the case. Injecting water alternately with
the gas reduces the volume of gas required to maintain reservoir pressure. It also reduces the
tendency for the gas to finger or channel through the oil as the presence of mobile water in
the pore space reduces the gas mobility through relative permeability effects [6]. Vertical sweep
efficiency is also improved as water, being heavier than oil, tends to slump towards the bottom of
the reservoir while the gas, being lighter, rises to the top [8].

Although the majority of WAG applications in the field have been successful, the incremental
recovery achieved is generally less than that predicted [8,56]. Early gas breakthrough and a
reduced macroscopic sweep, owing to channelling or gravity over-ride, are common. In addition,
there are often operational problems. In particular, injectivity can be lower than expected owing to
a reduced total fluid mobility near the well as a result of three-phase relative permeability effects
and/or a reduced hydrostatic head in the injection well during gas injection.

(c) Chemical flooding
Chemical flooding is a term that is used to describe the addition of chemicals to the water.
Depending on the process, these may change the IFT of water with oil (usually surfactants and
alkalis) and/or make the water viscosity match that of the oil (polymers). Chemical flooding has
been an option for EOR since the mid-1960s [57]. Early projects using polymer alone were soon
supplemented by adding surfactants [58] developed to reduce the water–oil IFT and increase the
recovery. Soon afterwards alkalis were added to reduce adsorption of the chemicals by the rock
and form added surfactants from charged oil molecules in the reservoir [59].

4. Polymer flooding
One means of achieving a more favourable mobility ratio, and thus improve macroscopic sweep,
in a water flood is to viscosify the water. This has most often been achieved using high molecular
weight water-soluble polymers of 2-propenamide (acrylamide) and 2-propenoic acid (acrylic
acid) as the partly neutralized sodium salt in a ratio of about 70 : 30 of polymer to acid by
weight [60,61]. The polymers typically have a molecular weight (or relative molecular mass)
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of 9–25 million daltons. When dissolved in water, the solutions have a viscosity that depends
on the polymer concentration, polymer molecular weight, temperature, water salinity and the
concentration of divalent ions. Other polymers, such as xanthan gum [60,61], have been used
for the benefit of the improved viscosity yield in more saline water, but these have often been
consumed by anaerobic sulfate-reducing bacteria resident in oil reservoirs causing the generation
of dissolved hydrogen sulfide (commonly known as known as ‘souring’).

Polymer flooding can recover a substantial increment of the oil in place, typically 8%, at an
additional cost of between US$8 and US$16 per incremental barrel [62], but even after 46 years
there are difficulties that limit the use of this technology [61]. Large volumes are needed to
make the process work at the field scale. The polymers are most effectively supplied as a dried
powder but the equipment needed to dissolve them at suitable rates is bulky and there may not
be space for this to be retrofitted on offshore platforms. The resultant solutions are vulnerable
to shear damage at high shear rates (over about 1000 s−1) and are particularly damaged by
extensional shear. Increasing the viscosity of the injected fluid inevitably makes it more difficult
to inject that fluid into the reservoir and, if the polymer solution has not been properly prepared,
debris may actually plug the pore space around the well-bore [63]. Once in the reservoir, the
polymer molecules are unstable at temperatures above approximately 70◦C depending on the
water salinity and ionic composition. The mechanisms of thermal degradation are hydrolysis of
the amide groups to acid followed by ‘salting out’ (precipitation, mainly driven by the interaction
of the acid groups with calcium ions) of the polymer, or free radical (redox) depolymerization
resulting in smaller molecules with a lower viscosity.

These difficulties have not prevented the use of polymer flooding in the industry but have
limited its extent, with most of the use being in China [64], initially as the result of government
policy requiring oil companies to maximize recovery. The recent rise in oil price has initiated a
renaissance of the technique among the international oil companies with applications underway
in Angola [65] and Oman [66] as well as many being planned for other regions including the UK
North Sea [67].

5. Alkaline surfactant polymer flooding
Alkaline surfactant polymer (ASP) flooding aims to improve microscopic displacement efficiency
by reducing the IFT between the water and oil through the addition of a surfactant to the water,
while matching the oil and water mobility through the addition of polymer [68]. Alkali is also
added to the water to reduce adsorption of the surfactant onto the pore walls and to control
the local salinity to ensure minimum IFT. It can also alter the rock wettability [68–70]. Alkali–
surfactant mixtures have also been used to improve macroscopic sweep during WAG. In this
process, the gas mobility is further reduced by adding alkali and surfactant to the injected water
and thus creating a foam within the pore space [68,71,72]

Like polymer flooding, ASP flooding can significantly improve RFs [73–75] with incremental
costs quoted to be as low as $2.42 per incremental barrel for an onshore field [76]; however,
like polymer flooding, there are a number of difficulties which have limited widespread
field application, especially offshore [61]. Operational difficulties include the large volumes of
chemicals that have to be transported to remote sites and then stored on platforms where
space is limited. Additional produced fluid processing is needed as ASP flooding results in the
production of emulsions with droplets as small as 10 µm in diameter. Finally produced fluids
(containing the ASP chemicals) need to be disposed of without impacting the environment.
Technical difficulties include the fact that the chemical mix needs to be carefully designed for
the fluids to be encountered in the field. ASP flooding works best with relatively low-salinity
water (often optimal performance is achieved by the use of a salinity gradient during injection of
the different stages), but, offshore, seawater is the only source of injection water so desalination
or alternative chemicals may be required.

Despite these difficulties, ASP flooding was applied onshore in the early 1980s when the oil
price was high. There has been a recent resurgence of interest as oil prices have increased to the
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point where the process is once again economic but the only recent large field-scale application
outside Daqing [73] in China is in Oman [75].

(a) Flow diversion
The final type of EOR process commonly applied in light oil reservoirs is that of flow diversion.
Unlike other EOR processes, flow diversion does not involve displacing the oil with another
fluid, from injection to production well. Instead it involves changing the path of the injected
water (or gas) through the reservoir so it contacts and displaces more oil. Until recently, this was
typically achieved by injecting a polymer solution with a suitable cross-linker into the higher
permeability zones of the formation around the injection well. After injection was complete
the polymer and cross-linker reacted to form a gel in the near well-bore region which reduced
the absolute permeability of that zone and/or its relative permeability to water [76–80]. The most
widely applied treatment of this type consisted of polyacrylamide as the polymer and a Cr(III)–
carboxylate complex as the cross-linker [78], although other polymers and cross-linkers are used
if the reservoir is particularly hot [81] or the water is saline.

The object of the exercise is to reduce the permeability [78,79] and/or relative permeability [80]
of a zone or zones in which water or gas is preferentially flowing. After a successful treatment
more water (or gas) will flow into adjacent oil-bearing zones, displacing the oil therein.

Using careful target selection and evaluation and, detailed planning, placement and reagent
formulation, many treatments have recovered profit above cost and have been declared
commercial successes [79,82,83]. At their best the benefits from such treatments can endure for
many years [83], e.g. a well in the Prudhoe Bay field continued producing a high proportion of oil
compared with water for 5 years after treatment. In many other cases, however, no benefits were
observed or died out after weeks or months [77,83].

In order for this type of flow diversion treatment to be successful, the treated zone needs to be
physically isolated from adjacent oil-bearing zones by impermeable shales that extend from the
injection well to the production well. If this is not the case then (i) gel may also form in the
hydrocarbon-bearing zones, reducing oil production and reducing injectivity/productivity, or
(ii) water will simply flow around the zone containing the gel and enter the thief zone further
into the reservoir (figure 7) [84]. This is a significant limitation as there are not many reservoirs
where the shales are in the right place and laterally extensive, and it is difficult to determine
whether such a laterally extensive shale is indeed continuous.

6. Enhanced oil recovery deployment
As noted above there are significant practical and economic challenges as well as technical
challenges that need to be addressed before EOR technologies can be deployed in the field.
Reviewing the development of gas injection as an EOR technology in the North Sea provides
insight into the challenges that newer EOR technologies are likely to face in a harsh offshore
environment.

We examine a North Sea gas injection EOR scheme that has been in operation for a number of
years: the Magnus field in the UK Continental Shelf (UKCS). It is the most northerly producing
field in the UK sector of the North Sea. It originally contained approximately 2.4 × 108 m3 (or 1.5 ×
109 barrels) of oil (measured at surface conditions). Like most oilfields, one company operates the
field (in this case BP with 85% equity) although it is co-owned by a number of other companies
(in this case JX Nippon Exploration & Production (7.5%), Eni (UK) Ltd (5%) and Marubeni North
Sea Ltd (2.5%)) [85–88].

The field was initially developed by peripheral water flooding with oil production beginning
in 1983. A plateau oil production rate, of 24 000 m3 at standard conditions per day (sm3 day−1),
was maintained until 1995, when seawater broke through to wells at the crest of the reservoir.
At this stage approximately 40% of the OIIP had been recovered. The remaining oil was believed
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Figure 7. Diagram showing (a) how a high-permeability thief zonemay result in bypassing of oil in higher permeability zones,
(b) how a gel plugmay successfully divert thewater into lower permeability layers if the thief zone has zero permeability shales
top and bottom and (c) how in the absence of those shales the gel plug will only result in a partial improvement of sweep. The
water will flow back into the high-permeability thief zone once the plug has been passed. (Online version in colour.)

to be partly trapped on the pore scale (as residual oil) and partly bypassed owing to reservoir
heterogeneity with further oil remaining up-dip of the production wells.

Although the residual oil saturation, trapped within the pores, was relatively low at 25% [86],
it still presented a favourable target for EOR because of the large volume of OIIP. Surfactant
and polymer flooding were ruled out because of the high reservoir temperature (115◦C). The
chemicals existing at that time would have degraded rapidly at these conditions. CO2 injection
was also deemed infeasible because of the lack of CO2 supply and also the costly changes to
wells, facilities and pipelines that would have been required to cope with the associated corrosion
[55,86]. Nonetheless, the geology of Magnus was felt to create a favourable target for miscible gas
injection. The reservoir is formed of repeated layers, in each of which the permeability increases
with depth. This increases the tendency of water to sink under gravity towards the bottom of the
reservoir, but reduces the tendency of injected gas to segregate upwards, thereby increasing
the vertical sweep from the gas.

The injection of hydrocarbon gas was determined to be the best EOR option, as the Magnus
oil is sufficiently light and the reservoir pressure sufficiently high for miscibility to be achieved at
reservoir conditions with hydrocarbon gas that was relatively lean in heavier components [87,88].
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Figure 8. Daily oil production rate (average over a month) from the Magnus field from the start of production in 1983. WAG
injection was started in 2002 and by 2005 it was clear that the decline in oil production had been reduced. The oil rate expected
without EOR was estimated using numerical simulation. stb, stock tank barrel. (Online version in colour.)

Nonetheless, this option only became reality when suitable gas became available from a number
of fields located to the west of the Shetland Islands.

The EOR scheme that was finally implemented in 2002 uses WAG injection. New gas
enrichment facilities had to be built at the Sullom Voe Terminal in the Shetland Islands plus over
400 km of new pipeline to transport the gas. The injection rate was maintained as high as possible
to limit gravity segregation of the injected gas and water. By 2005, the previous decline in oil rate
had been arrested and a secondary plateau in oil production rate was achieved (figure 8). By 2010
some 3.2 × 109 sm3 of gas had been injected into four gas injection wells yielding 1.8 × 106 sm3 of
incremental oil overall and contributing 40% of the oil production rate in 2010 [88].

Delivering this additional oil required significant changes to both the operation of the field and
the way its performance was monitored. This is because operating an EOR WAG injection scheme
is inherently more complex than operating a primary recovery process or water injection scheme.
Four aspects of this additional operational complexity are described below.

(a) Water alternating gas changeovers
The aim was to operate two wells on gas injection and two wells on water injection at any given
time, swapping them between water and gas injection at appropriate intervals. It was intended
that equal reservoir volumes of water and gas would be injected during each cycle. The operation
to change each well over from water to gas injection, and vice versa, takes 3 days and involves
physically removing the injection line for one phase and replacing it with the injection line for
the other phase. These changeovers need to be scheduled in advance to fit in with other planned
platform activities. Unfortunately, they are perceived by the platform staff as low priority with
little associated cost in delaying them, although in reality delaying changeover reduces the benefit
of the WAG process by changing the effective WAG ratio. This is illustrated by a combination of
events that occurred in late 2008 that resulted in one of the gas injection wells being temporarily
shut-in. This caused a change to the effective WAG ratio in the remaining gas injection well. This
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in turn resulted in more gas being produced, because the gas mobility was not being reduced
by a following slug of injected water, to the extent that the ability of the platform to manage the
volume of returned gas was exceeded. Consequently, production from all the EOR production
wells was cut back, reducing the oil production rate.

(b) Measurement of gas flow rate
Accurate measurement of gas volumes over time, and allocation to the various injection and
production wells, is important to maintain efficient WAG scheduling and thus the overall
efficiency of the EOR process. This meant that all wells that inject gas should have individual flow
meters. These would not be required for an ordinary water flood. Even retro-fitting flow meters
to these wells was challenging as it competed for offshore time against another major project to
construct additional drilling slots, and later against drilling activity.

(c) Reservoir pressure management
Average reservoir pressure in those parts of the reservoir subject to the WAG scheme has to be
maintained above the MMP of 34.5 × 106 Pa. However, this is also the pressure rating for the
EOR production wellheads, which in turn places an upper limit on the reservoir pressure. After
allowing for safety margins and worst case conditions in which the production tubing would be
full of gas, this combination of MMP target and wellhead pressure rating created a narrow range
for the reservoir pressure. As a result, the reservoir pressure must be routinely measured in those
parts of the reservoir subject to WAG, which would not be done for an ordinary water flood.

(d) Gas supply
The injected gas is imported from other producing oilfields. Operational issues at these other
fields have led to a variable gas supply at Magnus, resulting in a less efficient sweep through the
reservoir.

7. Emerging enhanced oil recovery technologies
The traditional EOR technologies (miscible gas/WAG and chemical flooding) for improving
microscopic displacement and macroscopic sweep have been around for a long time but
significant technical, operational and economic difficulties (such as discussed above) continue
to limit their application and the volume of oil recovered when they are implemented at scale.

Several completely new technologies have been developed over recent years that aim to
improve recovery using rather different mechanisms from those used by the traditional EOR
techniques. They benefit from significantly lower cost per incremental barrel, have broader
applicability, are less dependent on detailed characterization of the reservoir rock and fluids and
are less complex to implement.

In this section, we examine two of these new processes (low-salinity water flooding and deep
reservoir flow diversion), as well as considering the time taken from identification of the process
in the laboratory to implementation in the field.

(a) Low-salinity water injection
Low-salinity water injection is a recently developed EOR process that improves microscopic
displacement efficiency by modifying the reservoir wettability. As noted above, most oil reservoir
rocks have a heterogeneous or ‘mixed’ wettability. The effect of the low-salinity water is to make
these rocks slightly more (but not completely) water wet as it progresses through the reservoir.
This has the effect of mobilizing more of the oil behind the displacement front and increasing
recovery.
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The potential to use wettability alteration as the main recovery mechanism in an EOR process
has only recently become a major topic of research. This is despite the fact that it was first
recognized in 1959 by Wagner & Leach [69] and tested in the field in 1962 [89]. These workers
controlled the wettability through adjusting the pH and sodium content of the injected water.
Wettability alteration was recognized as a secondary recovery mechanism in ASP floods (resulting
from the addition of the alkali to the chemical mix in the injected water [68]) but developments of
these floods focused primarily on minimizing the IFT.

The recovery process involves injecting brine, with a low salinity and that is depleted in
divalent cations (compared with the in situ brine), into sandstone reservoirs. It should be noted
that the salinity should be as low as possible without adversely affecting flow performance. It
does not usually involve injecting pure water as this can reduce oil recovery by causing swelling
and deflocculation of some types of clay minerals and subsequent blockage of the pore space.
After the first laboratory investigations of the effect of water composition on oil recovery in
1959 [65] and 1967 [90], no further systematic laboratory studies of the effect were performed
until the 1990s [91–94]. These and other studies performed in BP (1997–2002, unpublished data)
resulted in the first field test in a single well in 2004 [95]. Several other such tests [96] led
eventually to an inter-well field trial in 2010 [97]. All confirmed that lowering brine salinity
increased oil recovery.

All the core flood and field evidence is consistent with the theory that low-salinity
water injection progressively modifies the reservoir wettability through multi-component ion
exchange [98,99]. As noted in [33], one of the mechanisms causing areas of the pore walls to be
oil wet is ion binding between the oil and mineral surface, mediated through multi-valent cations
such as Ca2+, Mg2+ and Fe2+. Injecting lower salinity water that has a reduced concentration
of these divalent cations results in this ion-bound oil being released from the mineral surface
(usually, but not exclusively, kaolinite) and that part of the surface becoming water wet. It is
important to note that this only has a slight effect on the bulk rock wettability—overall it still
has a mixed wettability. It is just slightly more water wet. Recent academic studies are providing
support for the proposed mechanism [100–103].

Seventeen years after the publication of initial investigations into the impact of water
composition on oil recovery by Jadhunandan & Morrow [92], EOR by low-salinity water injection
is about to be deployed in the second phase of the Clair field development, Clair Ridge, in the
UKCS. Reservoir condition core flood tests using Clair rock and oil showed significant benefits to
secondary low-salinity flooding with a reduction in residual oil saturation of between 5.6% and
7.6% [104].

This long time frame to take preliminary research to deployment is typical. It was a function of
the need to confirm the results under realistic reservoir conditions using real reservoir rocks and
fluids, and also to develop a sufficient mechanistic understanding to convince business managers
and partner companies that the technology was robust. Further time was taken to scale up the
technology to field scale including identification of suitable desalination plants that could be
operated safely in harsh offshore conditions.

(b) Deep reservoir flow diversion
Deep reservoir flow diversion is a recently developed EOR technique for improving macroscopic
sweep efficiency. It was recognized that, while flow diversion by polymer gels in the reservoir
adjacent to the injection well could be very successful [79,82,83], in many cases cross-flow in the
high-pressure gradient environment near the well meant that the diverted water soon flowed
back into the thief zone [84]. It was then realized that chemical treatments placed deep in the
reservoir would not be so vulnerable to this, but rather would benefit from the diversion of fluid
in the interval between the injection well and the reduced permeability zone [105].

The challenge was to identify a chemical that would only reduce the permeability of the
thief zone when it reached the right part of the reservoir. An early attempt involved using a
water-soluble polymer mixed with hydrolysed aluminium citrate as the cross-linker [103]. It was
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Table 1. Comparison of EOR processes with water flooding in terms of their microscopic displacement efficiency and
macroscopic sweep efficiency, together with a summary of their limitations.

microscopic
displacement macroscopic sweep
efficiency, Eps efficiency, Es

EOR process compared with water injection limitations

miscible gas injection + − very sensitive to heterogeneity

poor vertical sweep owing to large

density difference from water

reservoir pressure must be greater

than minimummiscibility

pressure

excess gas production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

WAG injection + + operationally more complex

oilmay be trapped in pores bywater

if too much water injected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

polymer flooding ∼ + well injectivity owing to higher

viscosity of injected water

loss of polymer by adsorption

cost due to large volumes of

chemical required

may not be feasible in hot reservoirs

or those with saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ASP flooding + + complex to design, requiring analysis

of oil, water and rock chemistry as

well as geological heterogeneity

cost due to large volumes of

chemicals required

may not be feasible in hot reservoirs,

carbonate reservoirs or those

with

saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

low-salinity water injection + ∼ mechanism not fully understood

possible dilution of injected

low-salinity water by in situ

brine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

polymer gel treatments at injection wells ∼ + onlyworkswhere high-permeability

thief zone is isolated from other

oil-bearing zones

may not be feasible in hot reservoirs,

carbonate reservoirs or those

with saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(Continued.)
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Table 1. (Continued.)

microscopic
displacement macroscopic sweep
efficiency, Eps efficiency, Es

EOR process compared with water injection limitations

potential production of H2S by

sulfate-reducing bacteria in

reservoir
deep reservoir flow diversion ∼ + only works for water injection

may not be feasible in hot

reservoirs, carbonate

reservoirs or those with

saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

believed that the cross-linker and polymer would travel together through the reservoir and form
a permeability-reducing gel phase on heating, but this proved unreliable, probably because of
chromatographic separation of the polymer and cross-linker and/or precipitation of the metal
ion [106]. The lesson from this field trial was that the blocking agent had to travel through a
large amount of rock and that it should be a single component to prevent deactivation. It was
concluded that it should be particulate, inert and compact when travelling through the rock pores
to the target location, then when triggered should expand and block the rock pores. The trigger
selected was the temperature difference between the injected water (which coming from the
surface is initially cooler than the reservoir) and the reservoir. Over prolonged injection, cooled
zones are created around the injection well resulting in a thermal gradient between injection and
production wells.

A particle system was developed consisting of water-soluble polymer backbones linked
together with permanent cross-linker in sufficient quantity to allow them to swell significantly
in water. A larger amount of thermally breakable cross-linker was added to lock the particles
into their manufactured particle size. This was achieved by polymerizing the monomers as an
emulsion in light mineral oil [107,108].

To deploy this system, a surfactant is added to the injection water followed immediately
afterwards by the particle dispersion. The natural turbulence in the well-bore is sufficient to cause
the oil in the formulation to emulsify and the particles to be individually wetted by water. The
dispersion of particles in water continues down the injection well, into and through the pores of
the formation rock. The water-particle system travelling down the thief layers is progressively
heated by the unswept layers above and below (which do not contain injected water and are
thus at the original reservoir temperature). Eventually the water–particle system is heated to the
point where the temperature-sensitive cross-links are broken and the particles absorb the water,
swell and block the rock pores. The permeability of the rock in the thief zones is reduced and the
subsequent water injection is diverted into the oil-bearing lower permeability zones to displace
oil towards a producing well.

The technical field trial of the ‘temperature-triggered’ particles took place in 2001 [109,110]
followed by commercial field trials in 2004 through to 2007 [111–113]. Following successful
incremental oil production results, the technology deployment started in 2007. The first 19
treatments produced over 200 000 m3 of incremental oil [114]. To date approximately 80
treatments have been completed with significant incremental oil recovery over the water flood
and a success rate in excess of 80%. Pressure fall-off tests suggest that the blockages have been
formed in excess of 100 m into the reservoir, which is desirable for maximum flow diversion with
minimum decrease in water injectivity [111].
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Figure9. Daily oil production rate (average over amonth) from theUla field from start of production in 1983.WAG injectionwas
started in 1998 and by 2000 itwas clear that the decline in oil production had been stopped. Today almost all the oil production is
believed to have come from EOR. The oil rate expected without EOR was estimated using numerical simulation. (Online version
in colour.)

Other treatments have been proposed based on intra-molecularly cross-linked polymer-
[115], salinity- [116] or pH-triggered systems [117] or pre-formed gel particles [118–120]. It
is believed for various reasons, though not universally accepted, that the intra-molecularly
cross-linked polymer systems do not propagate as far into the reservoir pore systems as the
temperature-triggered particles (e.g. [120] and the references therein).

Again it is interesting to note that it took more than 15 years for this technology to be deployed
after its initial conception leading to publication in 1992 [105].

8. Discussion and conclusion
Crude oil is expected to supply 20–25% of the world’s energy by 2035 [121]. Most of this is
expected to come from conventional crude oil [3] and mature fields. This suggests that there will
be an increasing application of EOR in order to increase the RF and oil production rate from
these fields.

We have seen that traditional EOR technologies can be very effective at improving recovery,
especially through increasing microscopic displacement efficiency (table 1). When they are
implemented, they can be very successful, e.g. as in Magnus (figure 8) and in the Ula field in the
North Sea where almost all the oil produced is believed to come from WAG injection (figure 9).
They are, however, often complex to design, develop and operate, as we have seen through
the summary of WAG deployment in the Magnus field. Furthermore, in many mature fields
offshore (such as in the UKCS) it is impossible to implement EOR because of the lack of space
on the platforms for the additional equipment needed to inject different fluids and/or process
the produced fluids. The response to the application of these techniques, in terms of increased
oil production rate, is usually slow, typically months or years after the process is initiated. These
issues, combined with the use of large quantities of expensive chemicals or valuable hydrocarbon
gases, means that they are only economical when the oil price is high.

Traditional miscible gas EOR techniques are very sensitive to geological heterogeneity and so
additional work must be performed to evaluate the reservoir description before development
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proceeds. Chemical flooding techniques also require a good understanding of the chemical
behaviour of the rock and may need careful selection of chemical(s) that are robust to the
temperature conditions in the reservoir.

New EOR technologies are needed that are easier to design, require less specialist equipment
and produce a quicker response in terms of oil rate. This is particularly the case for mature off-
shore fields where there is little space for additional equipment on platforms. This also suggests
that companies should be planning the deployment of both new and existing EOR technologies at
the beginning of field development to ensure that there will be facilities and space to implement
EOR in due course. In many cases, maximum oil recovery is only achieved if EOR is deployed as
soon as production begins. The traditional approach of only moving to EOR after oil rates from a
water flood drop results in significant volumes of oil being bypassed.

A major challenge remains the time delay between the deployment of a given EOR process
in a field, often involving considerable extra capital and operational costs, and the response in
terms of additional oil production. The benefits from drilling additional water injection wells are
usually seen within months while it may take a year or more before incremental oil resulting from
an EOR scheme reaches the production wells.

We have discussed two emerging EOR technologies (low-salinity water injection and deep
reservoir flow diversion) that remedy some of the drawbacks of traditional EOR processes. Low-
salinity water injection is simple to plan and deploy as it is very similar to conventional water
flooding. There are no additional chemicals required or additional processing after production.
The main additional cost (and limiting factor on existing platforms) is the need for desalination
equipment. Deep reservoir flow diversion has proved to be more successful than traditional near-
well gel treatments because it is less sensitive to the nature of the geological heterogeneity in the
reservoir. It therefore requires less reservoir characterization and few reservoir simulation studies
before implementation. In addition, it does not require any upfront capital investment.

It is probable that there will be further developments in enhancing water flooding. We have
described how low-salinity water injection improves oil recovery in sandstone reservoirs by
making the rock more water wet. A similar change in wettability has been observed in chalk when
seawater enriched in Ca2+, Mg2+ and SO2−

4 is injected [122], although other workers suggest that
viscosity alteration and formation of a microemulsion between oil and water may also improve
oil recovery [123].

Further developments are probable in EOR technologies that improve macroscopic sweep. The
deep reservoir flow diversion technique described above is designed for water flooding. Similar
technologies are required for gas flooding, especially if CO2 injection for EOR and geological
sequestration of the CO2 is to succeed.

Increasing or even maintaining crude oil production to help supply the world’s energy
demand is likely to adversely affect climate change unless it is associated with geological
carbon sequestration. Oil reservoirs are ideal candidates for secure storage of anthropogenic
CO2 because they are known to have trapped oil for millions of years. CO2 injection is also
able to significantly improve oil recovery [124], although in this case there is still a net increase
in CO2 emissions, i.e. more CO2 is produced from burning the additional oil than is stored in
the reservoir by injection [125]. To achieve this will require the development of technologies
to improve the macroscopic sweep efficiency of this process in order to maximize the trapping
of CO2 in the reservoir while maximizing oil recovery and production rate. It will also require
additional political and financial support to put in place the carbon capture facilities at power
stations, the pipelines for distributing the CO2 to the oilfields and new pipelines and facilities
that are resistant to corrosion in existing oilfields [126].

Another EOR technology that we have not discussed in any detail is that of microbial
EOR. This uses native or introduced microbes to improve oil recovery via a variety of
mechanisms including flow diversion, in situ upgrading, wettability modification and generation
of biosurfactants within the reservoir [127]. Although it was first proposed by Zobell [128] in 1947
and has been the subject of much research since then [127–130], it has not been widely applied.
This is probably because it has proved to be difficult to predict performance in the field. With
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recent advances in the biological sciences and the modelling of biological processes, it is possible
that microbial EOR or methanogenesis [129] may yet be more widely applied in the future.

EOR projects are going to become increasingly common worldwide in the future, despite
concerns about greenhouse gas emissions, as demand for oil will continue to increase [3] while at
the same time it becomes harder to find new oilfields. We have not yet achieved the technological
limit in terms of the RF that can be obtained using these processes. At present, their deployment
is controlled by economic factors and operational constraints. Research continues to try and
mitigate these factors and constraints, as well as to develop more advanced and effective recovery
processes, but the challenge in all cases is to move these technologies more rapidly from the
laboratory to the field.
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