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Our focus:
Oil reservoirs are Add nutrients and microbes to
sand layers injection water.

bounded by faults &
Impermeable rock.
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Up to 47,000 compounds in “petroleum”
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Many e- acceptors exist, the choice dictates the type of microbes
that will predominate, biomass produced, and over all bioactivity.

Microbial Growth is Driven by the Redox differential

Electron Donors Electron Acceptors
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A hyarocargon 4005 cHaln”

A microbe must Exploitation of resources in an anaerobic
» Acquire nutrients & carbon environment often requires cooperative groups,
» Generate energy consortia.
» Balance electrons
Methanogens
CH4 «——3—= CO
T/_/ 4
low molecular
L weight products
Denitrifyers R I
Sulfate Reducers €
“Fermenters” egraded hydrocarbon

electron acceptors
NO3, SO4

T e
activated hydrocarbon l
COMH2 — e t e- || energy

hydrocarbon

Reductive transformation Anaerobic respiration
“Fermenters” Denitrifyers
Sulfate Reducers




Summary of North Slope reservoir system phylogenetics.

» Lack of sulfate reducing organisms by molecular methods
— Low or transient level of sulfate in system

« High relative abundance of methanogens
(might otherwise be outcompeted for acetate and H2 by SRBS)
* High abundance of acetogenic Firmicutes (fermenters)

» Transiently high level of acetate, together suggest a mutual metabolic
codependency on acetate in this system.

 Many genera found in association with other petroleum environments
suggest they are autocthonous.

« Did see single facultative species as ‘weeds’ in some samples, not true
anaerobes and may have been introduced with injection water or may have
PCR preference.

— Although some of these were found in non-injected well systems
* Mostly non- halophilic species, ¥2 seawater salinity in this system.
» Sizable portion of uncultivated species found in extreme environments
* |solated two species for potential use in MEOR.



Our focus:

Add nutrients and microbes to
injection water.

Oil reservoirs are
sand layers
bounded by faults &
Impermeable rock.

oil/water

production well water injection well

1 1 Mechanisms for MEOR

- flow conformance
- oil release
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Ration&le for Subterranean Salt Water and Oil Reservoirs
Y

&

Widespread carbonate
deposition suggests that the
Seaway was warm and
tropical, with abundant

LA calcareous algae
Formation of reefs that later
form petroleum reservoirs

T i

f ]

Western Interior Seaway during the mid-Cretaceous,
about 100 million years ago (USGS)



Geology of well systems analyzed.

site location formation age eological origin max
9 9 9 g thickness
Milne Point North Slope Schrader Upper shoreface and Var.
Alaska Bluff Cretaceous | marine sands
sandstone
Texas east Texas Paluxy Lower river channel or 40 feet
sandstone Cretaceous | delta
"shoestring"
sands
Saskatchewan | southwest Lloydminster Lower delta and 100 feet
Saskatchewan sandstone Cretaceous | shoreface sands
Alberta east Alberta Sparky Lower shoreface sands, 60 feet
sandstone Cretaceous | locally cut by
river or delta
channels




Summary of well systems analyzed

O|| We” Salinity | Temp | Oil type Sulfur
(PPT) (T)
Milne Point 15 25-30 | PAH dominant No or low
15cP no S sulfate
Texas 26,55 80 Aliphatic, rich, 7 cP, sour, 200-300
ppm
Saskatchewan 36 25-30 | Heavy, Weathered, 20-30 ppm
1100 cP low sulfur
Alberta 60-80 | 25-30 | Moderately heavy "sweet" oil, low
weathered oil 56 cP. organic sulfur,
fluctuates.

PR




Temperature vs salt content for evaluated fields
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East Texas
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East Texas

Texas 80° sea water salinity, high sulfate, specie s % of total

0.8
Desulfobotulus sp.(delta) [] Meth -
i ethanosarcina
-~ _ 0.7 =
Rhodospirillaceae (Marine) []
Desulfonatronum; high salt 0.6 1 h lob | )
4 | W Methanolobus wilcani
Desulfomicrobium thermophilum ( hot springs) 0.5 (methylotrophic
Desulfocaldeus terranus 0.4 1 methanogens)
1 0.3 O Methanolobus
Thermodesulforhabdus
BAO029, benzoate consortia 0.2
o 0.1 O MethanolobusPL7A3
Thermodesulfobacterium
Desulfonauticus submarinus (deep sea vents) ‘ ] 0
1 % total n=81
Delta sulfate reducers |
T T T
0 5 10 15 20 25 30 35 H H
Acetogenic archael community

Halophilic, thermophilic SRBs predominate

Texas 80° high sulfate 2X sea water salinity %total n=83

0.7
0.6 -

Thermotoga neapolitana 0.5

0.4
0.3 A
0.2 A
0.1 ]

0 ‘ L

Archaeoglobus fulgidus Archaeoglobus Uncultured
profundus

Thermodesulfobacterium
commune

T T T T
0 10 20 30 40 50 60 70 80 90

Archael sulfate reducing community
High salinity, high temperature, few species One genera-Archaeglobus
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Summary of Saskatchewan field bacterial species

100%
90% - W spirochaete/unknowns
80% - W gamma Proteobacter total
70% Il delta Proteobacter total
60% - O epsilon Proteobacter total Epsilon genera
50% l beta Proteobacter total dominate
40% - O alpha Proteobacter total
30% - [0 Firmicutes total
20% W Deferribacter total
10% - O Bacteroidetes total
0%
1
% ot total NCBI hit Phylogenetic Identification
47.8 Methanolobus taylorii Note these organisms predominated in the
North Slope system also
Thought to be methylotrophic methanogens
15.6 Methanosaeta acetoclastic methanogens

Note these organisms predominated in the
North Slope system also

21




Isolation of halotolerant biofilm producers by sequential
|solation of oil/water interface

Corn oil layer
Carbon source

Growth at interface

Aqueous media
Saline with nitrate




Isolation of halotolerant biofilm producers by sequen tial
Isolation of oil/water interface

* Plated onto LB + nitrate for anaerobic colony isolations
» 16S rDNA identification of species recovered.

 Mangroveibacter, Vibrio, Pseudomonas sp., Morganella,
Enterobacter- all facultative, some salt tolerant.

* Review literature on clinical occurrence of these genera.
e Vibrios-

— known salt water organisms,\
— Investigated non-pathogenic strains

Pseudomonas sp- halotolerant

it © 2008 uﬁﬁs Kiinkel Mieroscapy, Ing=r
s | 1

o




Analysis of Vibrio physiology to determine species.

API 20E test strips:  Strips consist of 20 microtubes containing dehydrated substrates. The tests are inoculated with a bacterial
T} '." v wew wey suspension that reconstitutes the media. During incubation (35 for 21 hours) metabolism produces co lor changes that are

¢ either spontaneous due to pH differences, or end products that are revealed by the addition of reagents.
5: Lysine decarboxylase (2-day) 15: Sucrose
Ay 4: Voges-Proskauer 6: Arginine dihydrolase (2-da Fermentation 22: L-Arabinose fermentation
2 A test 10 the frc_)rmauon o 7- Or?lithine de)(l:arboxyle(lse (2y-)day) Fermentation is shown by an acid
- acetylmethylca_rblnol (EEEl) ’ reaction (yellow color of the pH
= T 5867 15 22 from fermentatlon of glucose. Decarboxylation is shown by an indicator).
Solutions of a-naphthol, alkaline reaction (red color of the
Vibirie—clinical specics potassium hydroxide, and pH indicatdp:
Vo lginalviicns TR | T - creatinine are added. If acetoin ADH-LDC-
Vo Carroirar =% = F ¥ - is present the media will turn oDC
Vo eheilerae I bW p
Vendmnaienss  ~ () - -~ + +  pReggl 4 | Vjesew — BRS33 jWuN vy BR533 WWW W
V. darieefa " BT S L 1 i
1 1
Vi fuvialis - T — ¢ 4
V¥ frernesyy - - & = F L =
r L]
Vhaltam 7 A T BR511| ml"' BR511 t ilp
Vo metschrikovi o+ VW o=+ - 1 b = 1 =i :

1 T - 4 -
| ¥ parahormpdviions -+ — 4 M

W vulindfcis e Tt Tl [, e
Vibrig—anonclinical ?R532 o BR532 - .!
W aesmarimuy Ve + - 1
¥ anguitlorum + = [+ + [
I|I t'-'JfJI.I'-\IH'f.llh' - + - |;_ ;. - -
V casticolr 7 S VR 1 A BR533 wiil BR533 & |Pww
¥ diezeramhics S T 2 "o ] o
V fescher =N 2
I|ll o ) e} II|I + +
| ¥ ‘}ﬁ'l"l-'{'_'ll' - & = )+ = e
Vloger (750 = e o T T !
BR511 111 12 v BR511 . |[=HEIS
Farmer, J. and Hickman-Brenner, F. “The Genera 2 2 z
Vibrio and Photobacterium.” Prokaryotes (2006)
6:(tBBBuw.springerli pdf)
*Voges-Proskauer was *ADH was negative (yellow), «Sucrose fermentation was +Arabinose fermentation
positive (pink) for all of our LDC was positive (red), and positive (yellow) for all of our was negative (blue). This
Vibrio strains. This is a ODC was positive (red). All are Vibrio strains. This is a Vibrio is a Vibrio alginolyticus
Vibrio alginolyticus Vibrio alginolyticus and Vibrio alginolyticus and Vibrio harveyi ~ and Vibrio harveyi
characteristic per the harveyi characteristics per the characteristic per the characteristic per the

Prokaryotes table.

Prokaryotes table. Prokaryotes table.

Prokaryotes table.




Flow Conformance Assay

25 mm glass frits are mounted in a
filter holder and treated with an
iInoculum of the isolated strain.

These glass frits are incubated in
the medium/inoculum mix for a
period of time under the desired

conditions (e.g. anaerobically and

at temp.)

After incubation the frits are
screwed into a flow test assembly.

A fixed volume of water is allowed

to pass through the filter test S o fanos, |
assembly and the flow rate is _ -
recorded. eB :
\ &



Pseudomonas sp. biofilm formation
Pseudomonas (LH4:15)

Nutrient A _ _
Filter plugging assay- Pseudomonas sp.

20

18+
o

NutrientB | 164

Preferential biofilm formation on nutrient A

Nutrient B

14-

Seconds

124

10+

Nutrient A Nutrient B Nutrient A Nutrient B

1:2C/N 4:1C/ N
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Alberta water samples- epsilons dominate

100% ——-
90% Omixed/unknown
o0% [ [€ Sh Il
amma, Shewanella,
70% Vibrio
60% [IDelta. Sulfate/sulfur
50% reducers
40% ClEpsilon/ arcobacter,
30% sulfurospirillum
20% BFirmicutes; Clostridia;
Halanaerobiales
10% [Bacterodetes/
= — — acreroderes .
0% actinobacteria/chlorflexi
091118-1 091118-P 100707-1 100707-P

091118-1 = well #1 injection 100707-1 = well #2 injection
091118-2 = well #1 production  100707-2 = well # 2 production



Sulfur cycle by Sulfurospirillum
(Epsilon Proteobacter)

lactate - -
SR8 NO: NR-SOB
CO, + acetate NO,"

lactate
hNRI%) NH
<D NO,- - 4

CO,+ acetate —N,

Hubert and Voordouw, 2007,
Applied and Environmental Microbiology
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—o— Vib Natriegens
(ATCC# 140438)
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(ATCC# 14126)

EH89B3-1
(Enterobacter)




Permeability modification — slim tube tests

(hydraulically constrained)

* Once we have confirmation using the glass frits, we inoculate slim

tubes and measure plugging in a continuously flowing system (live
Injection water)

« > Needed to refine nutrient dosing for well test

Permeability
ceH DP (data
éHt logged)
Permeability
call DP {data
£ ém legged)
fi RN ..
Produced fluids _ | ganged
Broduced _, Sample point 4 ft |0I'Ig slim tubes pﬂCkEd puzr;:?:ata
fluids - with sand (~4 Darcy) ogged) |
collection jug ; —_—

wuruny



pressure drop, psi,

Permeability modification — slim tube tests
(hydraulically constrained)

Pressure drop and relative nutrient feed rate for inoculated and uninoculated slim tubes
Inoculated on day 15. shutin till day 22 (live injection water used)

25.0
# Pressure drop across slim tube with native
microbes and inoculated with plug bug
20.0
Y +$8Ke
$
15.0 4 - f ' Pressure drop across slim tube with native

microbes|only

5 relative batch feeding
10.0 - . M \

5.0 - '
D-ﬂ 1 ‘ 1 n LI 1 1 1 T 1 " 1 LI 1 T 1 N
21 25 29 33 37 41 45 49 53 57 61 65 69 73 77

days since start of test

Pseudomonas sp.
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