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Abstract

The Bakken petroleum system is one of the largest unconventional plays in the United States, with over

10,000 wells drilled in the past 10 years. The main target of this drilling has been two of the non-shale low-
permeability units: the Middle Bakken Member and the Three Forks Formation. Although well logs and core data
show that there is significant oil content in the two shale members—the Upper and Lower Bakken, the oil transport
behavior in these source rocks is still not well understood.

The Energy & Environmental Research Center (EERC) conducted a series of experiments to investigate the rock
properties of the two shale members, how fluids flow through them, and how flow may be induced. Twenty shale
cores were collected (eight Upper Bakken samples and twelve Lower Bakken samples) from six wells in three North
Dakota counties to ensure the samples were representative of the shales in the most productive areas of the Bakken.
Six primary mineralogical components were detected in the samples through x-ray diffraction (XRD) analysis.
High-pressure mercury injection tests showed that pore throat radii are less than 10 nanometers for most pores in
both the Upper and Lower Bakken samples. Such small pore sizes yield high capillary pressure in the rock and make
fluid flow difficult. Total organic carbon (TOC) content was measured, and kerogen was characterized by Rock-
Eval/TOC pyrolysis, which indicated considerable TOC present (10—15 wt%) in the shales. However, oil and gas are
difficult to mobilize from organic matter using conventional methods.

Field experience has shown that hydrocarbon extraction with supercritical CO; is effective for extracting
hydrocarbons (up to C20+) from conventional reservoirs. Additionally, laboratory experiments indicated that
supercritical CO; interacts with the oil associated with the organics, solvating the oil so that it can be extracted at
reservoir temperature and pressure. A systematic experimental procedure was carried out to reveal the potential for
extracting hydrocarbons from the shale samples under typical Bakken reservoir conditions (e.g., 5000 psi and
230°F). Results from 20 samples showed that supercritical CO» enables extraction of a considerable portion (15%—
65%) of the hydrocarbons from the Bakken shales within 24 hours. The results may be used to improve modeling
and forecasting the effects of CO, enhanced oil recovery (EOR) and suggest the possibility for increasing ultimate
recovery, and possibly CO; storage, in some areas of the Bakken Formation.

Introduction

In the last decade, the boom of unconventional resource development has been a great success for the American oil
industry. Several giant unconventional plays, including the Bakken, Eagle Ford, and Niobrara, etc., have
dramatically increased oil production in the United States.!'>] Horizontal drilling and multistage hydraulic fracturing
technologies make it profitable to unlock oil and gas from the extremely tight rocks. Horizontal wells are typically
around 10,000 feet long with 20 to 40 hydraulic fracture stages per well. In the Bakken alone, over 10,000 wells
have been drilled in the past 10 years, which have produced more than 1 billion barrels (bbl) of oil and positioned
North Dakota as the second-largest oil producer in the United States.[%°l The Bakken petroleum system (BPS) has
four units with moderate to high oil saturation: the Upper Bakken, Middle Bakken, and Lower Bakken Members and
the Three Forks Formation. Currently, most of the producing wells in the BPS are completed in the two tight non-
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shale units, i.e., Middle Bakken and Three Forks, which have average porosities of 4%—8% and permeability in
microdarcy levels.[%!!-14] The reservoirs in Middle Bakken and Three Forks are tight but naturally fractured, which
makes oil production respond exceptionally well to long laterals and multistage fracture stimulation. Since
horizontal wells have a large drainage area and the Bakken oil is generally light, with around 40% of light
components (C1-C4) in the reservoir oil, gas expansion provides the main energy for the current production
(primary depletion) stage.[®!%15] However, gas—oil ratios have increased, and water cuts have been rising in many
wells in recent years, which indicate pressure depletion in the two non-shale units. The depletion may impact well
performance as well as ultimate oil recovery in the reservoirs. Figure 1 shows the number of producing wells and oil
production performance in the BPS. It is clear that more producing wells do not yield higher oil production rate after
2015.0151 According to the key research institutes and major operators in the Bakken Formation, the estimated
recovery factors of the BPS range from 3% to 10% and from 15% to 20% for some of the best areas of the play.[>!*]
Such estimates of recovery factor are considered very low compared to that observed in conventional oil reservoirs,
where oil recovery factors usually range from 30% to 50%.[!%-24] Therefore, new drilling targets and producing

technologies become important to prevent rapid production decline and improve oil recovery in the BPS.[25-28]
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Figure 1. Oil production performance in the Bakken.

The Upper and Lower Bakken units are organic-rich shales, which are considered to be world-class source rocks in
the Williston Basin and are sourcing reservoirs in the BPS. It is estimated that 10 billion to 400 billion bbl of oil has
been generated from these shale units, charging both unconventional and conventional plays in the basin.[2-3]
Although these shale units are not currently the main targets for drilling in the Bakken, production experience in
other unconventional plays has shown that oil could also be produced from the shales and the production could be
profitable.[>1%3% For instance, the Eagle Ford shale formation is the source rock for both sandstone (Woodbine) and
carbonate (Austin and Buda) hydrocarbon reservoirs in Texas. Recent production activities in the Eagle Ford
unconventional play have demonstrated that the source rock is able to produce significant volumes of gas and oil.
Studies also showed that supercritical CO; could effectively extract oil from organic-rich shales in complex
matrices, even when the oil is trapped in the tiny pore space and flow in the reservoir is difficult under original
conditions. [6:1025-26,35-36]

[34]

To better understand the shale properties in the Bakken and further evaluate the oil production potential of the BPS,
the Bakken shale units were characterized, and supercritical CO, was used to extract oil from the shale samples in
this study.

Rock and Fluid Distribution in the Formation

Oil produced from the Middle Bakken and Three Forks is sourced from the Upper and/or Lower Bakken members,
respectively. The two shale members can be easily identified from well logs and core samples, and these shales are
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usually used to create a subsurface correlation within the basin.[**37] Figure 2 shows typical logs recorded from a
well in the Bakken. The high gamma ray readings in the Upper and Lower Bakken Members indicate the high shale
content, while the high values of resistivity indicate there may be considerable clay content and hydrocarbon
saturation in these intervals. Core samples and drill cuttings show that both Upper and Lower Bakken Members
consist of laminated, brown to blacks marine shale. Many samples contain open fractures and some filled ptygmatic
fractures, as well as pyrite features, which have been observed in field emission scanning electron microscopy
(FESEM) images, as shown in Figure 3.4 Compared to the shale members, the Middle Bakken and Three Forks
have low readings of gamma ray and resistivity. The minerals are highly variable and consist of an interbedded
sequence of siltstones, sandstones, and limestones rich in silt and sand, etc., as shown in Figure 4. Figure 4 also
includes an FESEM image showing clay particles in microfractures. Natural fractures ranging from nano- to
macrometer scale have commonly been found in the Middle Bakken and Three Forks units.[%2¢]
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Figure 2. Typical gamma ray and resistivity logs showing the division of units in the BPS.

Oil sampling and analysis have shown that Bakken oil is generally very light, with a high percentage (>50%) of
light-medium components (C1-C7) in the oil under reservoir conditions.!'**“42 Figure 5 shows a typical phase
envelope of Bakken oil. The oil is in a liquid state under reservoir conditions where pressure is greater than

3000 psi; however, it separates into liquid and gaseous states when pressure drops. As a result, gas escapes, and only
a part of the oil is left in the core when it is brought to the surface. Therefore, the oil saturation in the core samples
measured under lab conditions is usually lower than that under reservoir conditions. An alternative way to estimate
the in situ hydrocarbon saturation is to measure the water saturation in the rock samples under net confining stress
and then calculate hydrocarbon saturation using a volumetric balance equation: Sy = 1 — Sy, where Sy and Sy, are
hydrocarbon and water saturations, respectively.
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Figure 3. Photo and FESEM image of Bakken shale. White represents pyrite spherules, dark gray represents organic
matter, light gray represents mineral grains, and black represents porosity.
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Figure 4. Photo and FESEM image of Middle Bakken rock.
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Figure 5. Phase envelope of Bakken oil.
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Dozens of rock samples (cores and drill cuttings) were collected from a well (referred to as Well A hereafter) for
rock and fluid saturation analysis. The well is located in McKenzie County, North Dakota, which is one of the most
productive areas of the BPS. The well is completed with 29 hydraulic fracture stages in the Three Forks Formation,
and it has shown good production performance since the well was put into production. Water saturation and TOC
content were measured under a net confining stress of 2000 psi. Based on the volumetric balance equation, the
hydrocarbon saturation (including both oil and gas) was calculated and is shown on the left side of Figure 6. An
evident correlation between hydrocarbon saturation and TOC can be observed from the figure: higher TOC yields
greater hydrocarbon saturation in the shale members. Recent studies showed that kerogen is usually oil-wet, and it
has a smaller pore throat size than inorganic rocks in the Bakken.3-*4 The small pore throat size induces a larger
capillary force, confining oil inside of the pore space.[***81 Oil adsorption in the shale could also be remarkable
because of the strong interaction between alkane molecules and organic materials, together with the widespread
nanometer pores in kerogen. ]
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Figure 6. Hydrocarbon saturation and TOC distribution along Well A in the BPS.

Characterization of Bakken Shales

Twenty shale cores were collected—eight Upper Bakken samples and twelve Lower Bakken samples—from six
wells in three North Dakota counties (Mckenzie, Mountrail, and Dunn) to ensure the samples were representative of
the shales in the most productive areas of the Bakken, as shown in Figure 7. Six primary mineralogical components
were detected in the samples through x-ray diffraction (XRD) analysis, as shown in Figure 8. The figure clearly
indicates that quartz and illite are the major components in the matrix of Bakken shales; the two minerals account
for 67% of total matrix weight. The weight percent of chlorite, dolomite, and pyrite varies from 3% to 6%. Ankerite
and albite are found in some samples; however, their contents are less than 2% on average. Other minerals like
calcite and rutile are also identified in a few samples, but their weight percent is generally small. High-pressure
mercury injection tests showed that pore sizes are less than 10 nanometers (Figure 9) for most pores in both the
Upper and Lower Bakken samples, and the mean pore throat radii are around 3.5 nm, as shown in Figure 10. Such
small pore sizes yield high capillary pressure in the rock and make fluid flow difficult.!o-!!
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Figure 7. Oil production performance of North Dakota counties (yellow) in the Bakken Formation. Red star
denotes Well A.
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Figure 8. Main minerals found in Bakken shale samples using XRD.
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Figure 9. Pore size measured in Bakken shale samples.
Note: UBS, Upper Bakken Shale; LBS: Lower Bakken Shale.
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Figure 10. Mean pore throat radius in Bakken shale samples.
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Sediment Chemical Analysis — Rock-Eval

TOC content was measured for the twenty shale core samples; the results clearly showed considerable TOC

(10-15 wt%) in most of the shale samples, as shown in Figure 11. Although kerogen is the source to generate oil and
gas underground, hydrocarbons are difficult to mobilize from the organic matter directly using conventional
methods. Rock-Eval pyrolysis is the most widely used pyrolysis technique to characterize organic matter in the rock.
In the measuring process, a rock sample is placed in a vessel and heated progressively to a high temperature under
an inert atmosphere. When the temperature reaches a certain level, kerogen is pyrolyzed and combusted, and then
the amount of released hydrocarbons and CO; is measured.!*>-5%
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Figure 11. TOC in Upper and Lower Bakken shale samples.

Figure 12 shows the typical cycles during a Rock-Eval pyrolysis analysis.[3”- 41 Several technical indicators are used
in the Rock-Eval pyrolysis to describe the kerogen properties. Tmax is the temperature at which maximum release of
hydrocarbons from cracking of kerogen during pyrolysis analysis is possible; it is measured at the peak of S,. Si is
the peak measuring the quantity of free hydrocarbons (including oil and gas) existing in the rock and which are
volatilized below 300°C. S, is the peak giving the amount of hydrocarbon-type compounds produced by the
cracking of the organic matter when the temperature increases to 650°C (this value varies depending on the sample
measured). This peak shows the quantity of hydrocarbons that could be produced in the rock; therefore, this
important parameter estimates the ability of the source rock to generate hydrocarbons. Ss is the peak showing the
quantity of CO, produced from pyrolysis of the organic matter during the temperature lowering stage. PI is the
productivity index, which can be calculated as PI = Si/(S; + S»). Since PI usually increases with depth, it can be used
to characterize the evolution level of the organic matter and divide zones with high or low amounts of hydrocarbons.
Other indexes such as hydrogen index HI = So/TOC*100, oxygen index OI = S3/TOC*100, and the ratio of S»/S3 can
also be used to determine the type of organic matter in the rock. S; and S, are usually measured in mg
hydrocarbon/g rock; S; is measured in mg CO,/g rock. The important geochemical and geologic characteristics of
the Bakken shales could be identified by mapping these parameters.[>>37:32]

With crossplots of pyrolysis parameters such as HI vs. OI and TOC vs. Sy, etc., the kerogen type in the Bakken
shales has been divided.[**! In general, Type II marine oil-prone kerogen is the major kerogen in the Bakken shales,
and it is distributed across most of the formation. Type I kerogen also appears locally, and some shallow Bakken
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shales have mixed Type II/III kerogen as well. Previous studies showed that the values of S, HI, and TOC decrease
when the burial depth increases, which indicates the maturation of Bakken shales with the increase of formation
depth. In this study, over 180 shale samples were collected from the Upper and Lower Bakken shale intervals
(11,040-11,060 ft and 11,100-11,120 ft) of Well A (shown as the yellow star in Figure 7) to analyze the source rock
maturity in the most productive area of the formation. Figure 13 shows the zonation of source rock maturity based
on the crossplot of PI vs. Tmax. The figure indicates that there is still a considerable portion of immature kerogen in
the source rock even though the shales are deeply buried. For the mature kerogen, most of it falls into the region of
the oil generation window and part of it falls into the wet-gas generation window. The finding matches the surface
production very well: oil is generally light, a considerable amount of gas is produced with oil from most of the
Bakken wells, and the gas is usually quite wet as shown in Figure 14 (less than 85% methane in the produced
gas).[1333-4 The composition of the produced gas (60 mol% methane, 14 mol% ethane, 9 mol% propane, and

9 mol% heavier hydrocarbon components [C4+]) makes the wet gas have liquidlike flow behavior in the reservoir
when pressure is greater than 5000 psi and temperature is greater than 200°F.
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Figure 12. Schematic of the cycles during Rock-Eval pyrolysis analysis.

Supercritical CO: Extraction of Oil from Bakken Shales

Supercritical CO; has been effective for extracting hydrocarbons (up to C20+) from conventional reservoirs, where
COx can effectively reduce oil viscosity, increase oil mobility, and expulse oil from the pore space by volumetric
expansion.?>23] Recent laboratory experiments demonstrate that supercritical CO; interacts with the oil associated
with unconventional tight rocks, solvating the oil so that it can be extracted at reservoir temperature and pressure.??]
In the present study, hydrocarbons were extracted from the shale samples with CO; under typical Bakken reservoir
conditions (e.g., 5000 psi and 230°F).['% Figure 15 shows a schematic of the experimental setup for extracting
hydrocarbon from Bakken shales. In contrast to conventional core flooding experiments, each core sample (1.1-cm
diameter and approximately 4 cm in length, shown as Item 5 in Figure 15) was put loosely inside the extraction
vessel (Item 6 with 1.5-cm diameter and 5.7 cm in length), which was placed into an ISCO Model SFX-210
supercritical extractor thermostatically controlled at 230°F. The pressure throughout the entire system was
maintained at 5000 psi by an ISCO model 260D syringe pump operated in the constant pressure mode.
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Figure 13. Source rock maturity of Bakken shales collected from Well A.
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Figure 14. Produced gas composition and content found in Bakken wells in North Dakota.>

Hydrocarbons that were recovered were collected by opening the outlet control valve (8) at certain intervals (hourly
for the first 7 hours of exposure and an additional exposure up to 24 hours). The flow rate of CO, was controlled at
1.5 mL/min by the flow restrictor (9), and about two cell void volumes (ca. 15 mL total) of CO, were purged into

15 mL of methylene chloride to collect the hydrocarbons recovered during each exposure time. Following the
24-hour CO; exposure, the rock sample was crushed to a fine powder and extracted with the aid of sonication three
times in 20 mL methylene chloride to recover the remaining hydrocarbons. Percent recoveries are defined as the
quantity of crude oil hydrocarbons found in the CO; extracts in comparison to the total oil hydrocarbons extracted by
both CO; and methylene chloride.
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Figure 15. Schematic of experimental setup for extracting hydrocarbon from Bakken shales (GC-FID is gas
chromatography—flame ionization detection).!”]

Results and Discussion

Results from 20 samples showed supercritical CO; enables extraction of a considerable portion of hydrocarbons
(15%—-65%) from Bakken shales. Figures 16 and 17 show the oil recovered from the Upper and Lower Bakken shale
cores within 24 hours, respectively. Basically, the oil recovery performance was similar in both Upper and Lower
Bakken shales: the majority of the oil was recovered in the first 7 hours, and most samples had overall recoveries
less than 60%. Compared to the CO, extraction results in the tight cores from Middle Bakken and Three Forks, the
oil recovery in the shale samples is more widely distributed. Several factors may contribute to the oil recovery
results in the shales.

According to Figure 13, around 40% of the kerogen samples belong to the immature category, which means the
hydrocarbons have not yet transformed into oil, so there is little liquid oil in the kerogen pores.[33! Although oil

could be obtained by heating the rock in situ or at the surface to mature the kerogen, it is difficult to extract oil out of
the immature kerogen under the typical reservoir conditions in the Bakken. Therefore, if most of the kerogen in a
core sample is immature, then not much oil can be extracted from it.

Figure 9 shows that the pores are small (r35 < 5 nm) in the shale samples. A considerable part of the hydrocarbon
molecules exist in an adsorbed state in these nanometer-scale pores, and the volume of oil-filled pores occupied by
free fluid is less than 40% based on molecular dynamics simulation using the Bakken’s petrophysical properties.[*¥]
Figure 18 shows a schematic of oil and gas distribution in a kerogen pore where the movable oil and gas are
recoverable in the extraction process while the adsorbed oil may stay in the pore. The oil layer adsorbed on the pore
wall also makes the kerogen more oil-wet, which was demonstrated by various wettability studies of Bakken
rocks.[3-3¢1 The percentage of adsorbed oil decreases with increasing pore size. Kerogen also has more complex pore
structure than nonorganic matter, and the pore throat radii in kerogen are usually tiny (r <4 nm), as shown in Figure
10. Such tiny pore throat sizes induce high capillary pressure between phases when oil, gas, and water coexist in the
core. The smaller the pore throat size, the more difficult it is to overcome capillary resistance between phases. These
mechanisms make it difficult to recover oil from the shales using conventional methods.['%3)
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EERC /53275 CDR
—&— LBS-1

—e— LBS-2

/ —e— LBS-3
—e— LBS-4
—o— LBS-5
—o— LBS-6
—e— LBS-7
—e— LBS-8
—e— LBS-9

—e— LBS-10

—&— LBS-11

1 1 ] 1 1 ] ] —&— LBS-12

6 9 12 15 18 21 24
Extraction Time, hr

Figure 17. Oil recovery from the Lower Bakken cores.

12



URTeC 2671596 13

2 3;:./" Kerogen Matrix

T3k T T
B

FTITFTIIITEIE:
B EEE e
T Y Lar i

E Adsorbed Qil

S inRrRRTAY Movable Oil
P S g

S SR e e i

ML T T i T TR T \

Ly e Sy L e s gy T Movable Gas

EERC LJ53276.COR

Figure 18. Schematic of oil and gas distribution in kerogen.

Supercritical CO; is able to reduce or even eliminate the interfacial tension between oil and gas under Bakken
reservoir conditions. Minimum miscibility pressure (MMP) tests showed that interfacial tension between oil and
CO; can be removed when pressure is above 2500 psi at 230°F, which means the capillary effect is minimized in the
experiments under reservoir conditions (i.e., 5000 psi and 230°F).[*!! Therefore, CO; is able to push the oil through
the pore throats when the pressure gradient is greater than the frictional resistance in the pores. Pressure—volume—
temperature (PVT) tests showed that the Bakken oil swells with CO» and the swelling factor increases from 1.0 to
1.5 when the CO; mole fraction increases from 0 to 0.5 in the oil. The volumetric expansion could effectively expel
part of the oil from the pore space when there is a high concentration of CO, in the oil. The results may be used to
improve modeling and forecasting the effects of CO, EOR and improve our knowledge of mechanisms controlling
CO; storage. Such information could be used to suggest possible approaches for increasing ultimate recovery and
storing CO; in some areas of the Bakken Formation.

Conclusions

Overall production performance in the BPS was reviewed based on drilling and production data from the past
decade. Results showed that production is declining in the two main non-shale units, with a generally low oil
recovery factor. We extended the study area to the two shale units—Upper and Lower Bakken shales—which serve
as the source rock for the Bakken reservoirs. A series of experiments were conducted to investigate shale properties
and the possibility of extracting oil out of it using supercritical CO». Based on the experimental results, the
following conclusions have been drawn:

1. Both core samples and well logs indicate that there is significant hydrocarbon saturation in the Upper and
Lower Bakken shale members; however, not many wells are producing in these units, and the oil transport
behavior in the shales has not been fully investigated.

2. Six primary mineralogical components were detected in the shale samples through XRD analysis, which
showed that quartz and illite are the major components in the matrix of Bakken shales, accounting for 67% of
total matrix weight.

3. High-pressure mercury injection tests showed that the mean radii of pore and pore throat are less than 5 and
4 nm, respectively, in both the Upper and Lower Bakken samples. Such tiny pore sizes yield high capillary
pressure and make fluid flow difficult in the reservoir.

4. TOC content was measured, and kerogen was characterized by Rock-Eval/TOC pyrolysis, which indicated that
TOC is 10—15 wt% in the shales and a considerable portion of the kerogen is immature. The Rock-Eval results
align well with the composition of the produced fluids.

5. Supercritical CO, extraction was conducted on 20 shale samples under typical Bakken reservoir conditions
(e.g., 5000 psi and 230°F). Results showed that supercritical CO, is able to extract a considerable portion (15%—
65%) of the hydrocarbons from the Bakken shales within 24 hours.
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Nomenclature
BPS Bakken petroleum system PI productivity index
EERC Energy & Environmental Research Center PVT pressure, volume, temperature
EOR enhanced oil recovery Sh hydrocarbon saturation, fraction
FESEM field emission scanning electron microscopy Sw water saturation, fraction
GC-FID gas chromatography—flame ionization detection Tmax maximum temperature, °C
HI hydrogen index TOC total organic carbon
LBS Lower Bakken shale UBS Upper Bakken shale
MMP minimum miscibility pressure XRD x-ray diffraction
Ol oxygen index
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