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DIGITAL DATA

Associated with this chapter OA are digital (spreadsheet) files located on
this cdrom in a data appendix. All tables except Tables OA7 and OAS are
duplicated as spreadsheet files in the data appendix. In addition, three non-
viewable files, cited in appendices OA1, OA6, and OA7, are accessible in
the data appendix. These three files contain a list of samples, a list of the
gas chromatogram files, and the biomarker peak heights.

WELL NAMES

In this chapter well names are given with the number preceding the name.
For example, C-1 Alaska State in this chapter corresponds to Alaska State C-
1 of Chap. WL. In addition, the Mikkelsen Bay State 1 well of Chap. WL is
referred to as 13-9-19 Mikkelsen Bay State in this chapter.

«“ Click here or on this symbol

The Oil and Gas Resource Potential of the
OA-4 Arctic National Wildlife Refuge 1002 Area, Alaska
Open File Report 98-34

in the toolbar to return.



=

~

soienee foraohanging werld

P

-y P

ABSTRACT

The purpose of this study is to identify and characterize the petroleum systems
within the 1002 area of the Arctic National Wildlife Refuge (ANWR). We build on
the work of Anders and others (1987) by analyzing newly collected samples (1995-
1997) of oil seeps and oil-stained outcrops, oil-stained rocks in well core and crude
oil from nearby exploratory tests and production. We use hydrous pyrolysis to
simulate oil generation from potential source rocks to perform oil-source rock
correlations. The geochemical parameters used in this correlation include d"*C
1sotope ratios, sulfur content, nickel and vanadium proportionality, and biomarker
composition.

The 1002 area of ANWR contains at least three oil types referred to as Prudhoe,
Jago, and Manning. Characteristics of Prudhoe oil type are 1 to 2 percent sulfur, 20
to 30°API, low gas/oil ratio (GOR), low saturate/aromatic hydrocarbon ratio and a
vanadium content greater than nickel content. The distribution of Prudhoe oil is
restricted to the western portions of ANWR and is genetically related to oil in the
Prudhoe Bay oil field. Characteristics of Jago oil type are 0.5 to 1 percent sulfur, 30
to 40°API, moderate GOR, and nickel content greater than vanadium content. Jago
oil is widespread throughout ANWR with occurrences as far west as Point
Thompson and as far east as the Jago River. Characteristics of Manning oil type are
0 to 0.5 percent sulfur, 30 to 40°API, high saturate/aromatic hydrocarbon ratio and
low nickel and vanadium contents. The distribution of the Manning oil is restricted
to the northern portion of ANWR and offshore, as far west as Point Thompson
(OCS-Y-0849-1 “Hammerhead” well) and as far east as Angun Point.

Based on a comparison of bulk and molecular geochemistry of the source rock
pyrolysates with the natural oil samples, the Prudhoe oil type is believed to be
predominantly derived from the Triassic Shublik Formation with a lesser
contribution from the Cretaceous Hue Shale. A minor contribution from the Kingak
Shale and the Lisburne Group is possible but is not substantiated in this study. The
Jago oil type correlates with pyrolysates generated from the Cretaceous Hue Shale.
The Manning oil type is believed to be derived from the Tertiary Canning
Formation because the oil chemistry indicates a mixed type III and type II organic
matter source, which is consistent with the depositional environment of portions of
the Canning Formation. Furthermore, Manning oil type is very similar in
composition to oils in Paleogene reservoirs from the Mackenzie Delta - Beaufort
Sea area which are believed to be derived from Eocene to Paleocene deltaic source
rocks. These three oil types are used to define three petroleum systems,
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Ellesmerian(!), Hue-Thomson(!), and Canning-Sagavanirktok(?), which are
discussed further by Magoon and others (Chap. PS).

INTRODUCTION

The purpose of this study is to identify and characterize the oil types and their
source rocks within the 1002 area of the Arctic National Wildlife Refuge (ANWR),
Alaska (Figure OA1) in order to define the petroleum systems for a new energy
resource assessment of the area. Other elements of the petroleum systems,
including the timing of generation and migration, and the timing of formation of the
reservoir, trap, seal, and overburden, are discussed by Burrus (Chap. FI), Magoon
and others (Chap. PS), and Houseknecht and Hayba (Chap. HG).

Anders and others (1987) analyzed a number of oil seeps and oil-stained rocks
within ANWR and defined three oil types referred to as Manning, Jago and Kavik.
They also analyzed potential source rocks for generation potential and attempted to
correlate extracted source-rock bitumen with their defined oil types. They were
successful in correlating one of the oil families, the Jago oil type, to the Cretaceous
Hue Shale. They were unsuccessful in identifying the source of the Manning and
Kavik oil types and they did not recognize a Prudhoe oil type. In this study, we
update and expand on the work of Anders and others (1987) by analyzing newly
collected (1995, 1996, 1997) samples of oil seeps and oil-stained rocks from nearly
all of the same localities as those studied by Anders and others in 1987, and by
analyzing oil-stained rocks from new outcrop localities, oil-stained rocks in well
core and crude oil from nearby exploratory tests and production. Instead of using
bitumen extracts to perform oil-source rock correlations, we use liquid pyrolysates
generated from hydrous pyrolysis of potential source rocks.

METHODS
Samples

Locations of samples used in this study are shown on Figure OA1 and Figure OA2
and sample information is listed in Table OA1. The sample numbers on Table OA1
are expressed as a number in parentheses (#) in the text. The sample list is a subset
of a larger list of ANWR area samples submitted to the USGS Organic
Geochemistry Laboratory for analysis since 1989 (Appendix OA1l). Some data
obtained prior to 1989 are also included and consist mostly of the biomarker data
from a previous USGS study (Anders and Magoon, 1986; Anders and others, 1987).
The Manning Point (25, 26) and Angun seeps (28) and the oil-stained sandstone
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outcrop localities at Kavik (19), Jago River (24) and N. Katakturuk (23) were re-
collected during the 1995 to 1997 field seasons from the same sample localities as
those in Anders and others (1987). Also collected at this time were oil-stained
samples from new localities along the Canning River (20, 21) and Sagwon Bluffs
near the Sagavanirktok River (18). Although only one oil sample was obtained
from the wells in the Point Thompson area (8), oil was extracted from numerous
core samples of oil-stained sandstones. Oil was also extracted from
mudstone/siltstone core in the OCS Y-0943 #1 (Aurora) well (27) offshore from
Manning Point. Two oil samples were obtained from drill stem tests in wells from
the Mikkelsen area offshore west of Point Thompson (3, 4).

Three oils from the Prudhoe Bay and Point Simpson areas (17, 29, 30) were
included in this study to serve as examples of previously identified oil types from
the North Slope (Prudhoe, Umiat, Kingak oil types). Seifert and others (1980)
proposed that oil in Prudhoe Bay field (17) was derived from the Triassic Shublik,
Jurassic Kingak and post-Neocomian shale (now called the Hue Shale; Bird and
Molenaar, 1987). Seismic Line oil (29) was classified as Umiat oil type by sixteen
different laboratories in a multi-laboratory cooperative oil-source rock correlation
study (Claypool and Magoon, 1985). In the same study Umiat oils were correlated
to the pebble shale by fourteen laboratories and the Torok Formation by seven
laboratories and Kingak Shale by four laboratories. The Kingak-produced oil from
the 32-25 Kavearak Point well (30) is reported to be derived from the Kingak Shale
(Seifert and others, 1980).

Source rock sampling for hydrous pyrolysis was focused on previously identified
source rocks in the ANWR and Prudhoe area (Seifert and others, 1980; Bird, 1994;
Magoon and others, 1987; Anders and others, 1987) including the Triassic Shublik,
Jurassic Kingak, Cretaceous pebble shale unit, Cretaceous Hue Shale and Tertiary
Canning Formations (Table OA2). The Mississippian Kayak Shale, the Lisburne
Group, and the Sadlerochit Group were excluded from this study because the source
rock evaluation of Magoon and others (1987) was discouraging. They considered
the Kayak Shale and the Sadlerochit Group to be gas-prone and the Lisburne to be
oil-prone but low in organic carbon content in the ANWR area. However, the
Lisburne is thought to be an effective source rock in other studies on the North
Slope (Hughes and others 1985; Hughes and Holba, 1988). For the Brookian
sequence we follow the stratigraphic nomenclature of Molenaar and others (1987)
where the Hue Shale and Canning Formation are defined and the high gamma zone
(GRZ) or highly radioactive zone (Carman and Hardwick, 1983) is included in the
Hue Shale.
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Source rock samples were obtained from cores from the Mikkelsen Bay wells
located offshore west of Point Thompson, the Texaco Phoenix OCS well, the
Aurora OCS well, and from outcrops within ANWR. Rock-Eval II ™ pyrolysis
(method details in Appendix OA2) was performed on five core samples and seven
outcrop samples to select candidates for hydrous pyrolysis. However, the Rock-
Eval data is not representative of the overall sample composition because one small
rock piece was removed from the crushed bulk sample. It was not practical to
pulverize and homogenize a representative aliquot of the sample because of limited
sample size. Furthermore, the limited number of samples available for hydrous
pyrolysis in the present study precludes a meaningful statistical representation of a
particular source rock.

Analytical Procedures

In hydrous pyrolysis, a rock sample is heated in contact with liquid water in a closed
reactor vessel for accurately measured times and temperatures. This process
approximates the natural process of oil generation, but at a greatly accelerated rate,
producing an expelled liquid pyrolysate (immiscible oil) similar to crude oil that
accumulates on the surface of the water in the reactor (Lewan and others, 1979).
Because hydrous pyrolysis simulates petroleum formation, the oil to source rock
correlation using liquid pyrolysate is often better than correlations using extracted
bitumen from the immature source rock (for example, Waseda and others, 1996;
Moldowan and others, 1992).

In the most common experiment procedure, sample aliquots are run for 72 hours at
temperatures from 300° to 365°C and product yields can be used to estimate kinetics
of petroleum generation for a given source rock. An alternative experimental
procedure (Appendix OA3) was used in this study because of limited amounts of
available samples. One rock sample was exposed to four successive 72 hour
heating periods at 300°, 320°, 340° and 360° C, removing only generated oil and
gas products after each period. This sequential procedure may more closely
approach the semi-open conditions of natural petroleum generation because
petroleum and natural gas tend to migrate to lower thermal stress regimes after they
have been generated. A disadvantage of this procedure is that kinetics cannot be
directly calculated.

Nine samples were crushed to gravel size (0.5 to 2 cm), loaded into 1-liter Hastelloy
C-276 pyrolysis reactors with distilled water and 35 psia of helium and heated for
72 hours at 300°, 320°, 340°, and 360°C (Table OA2). A gas sample was taken of

the reactor headspace at ambient temperature after each heating period. The
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remaining gas was vented and the reactor was opened to remove only free floating
liquid pyrolysate with a Pasteur pipet. The reactor was then resealed, and the
headspace was evacuated and recharged with 35 psia of helium before starting the
next heating period. Only headspace gas and liquid products were removed after
each 72 hour period. After the 360°C run, the reactor was emptied by the normal
procedure which includes removal and analysis of the spent rock.

Gas samples were collected from the headspace of the pyrolysis reactors into
evacuated 50 ml steel bombs equilibrated to headspace pressure. A gas tight
syringe is used to withdraw approximately 30 milliliters (ml) of headspace gas
which was then injected onto a 20 ml sample loop on a Perkin Elmer Model 8500
gas chromatograph (GC). The GC is equipped with a 10 ft by 0.25 in column
packed with Chromosorb 102 and is programmed from 20°C to 220°C at 16°C/min
using helium carrier gas. As gas peaks elute from the column, they are detected by
a thermal conductivity detector and the detector response for each peak is plotted
versus time on a monitor.

Expelled oils generated by hydrous pyrolysis are treated as crude oils in the
analytical scheme. The oil density (°API gravity) was determined gravimetrically
using volumetric pipets. Nickel, vanadium and sulfur concentrations were
determined by Huffman Laboratories, Golden, Colorado (Huffman Lab numbers:
161697, 242397). Oil stains were extracted from whole-rock samples using either
chloroform or dichloromethane as a solvent. Extracts were vacuum evaporated to
about 3 ml using rotary evaporator with moderate vacuum and water bath
temperature of about 35° C, and transferred to a volumetric flask for a gravimetric
determination of concentration. An aliquot of known concentration was placed in a
vial and the volume was reduced to about 1 ml by a stream of nitrogen gas at room
temperature. About 2 ml of 1so-octane was added and mixed with a vortex mixer
on low speed, and gently evaporated in a stream of nitrogen gas to about 1 ml. The
1so-octane addition and evaporation step was repeated at least three times until the
chloroform (or dichloromethane) was completely displaced by the iso-octane. The
asphaltene fraction of the oil or bitumen was removed by precipitation in iso-octane
followed by filtration. The maltene (oil/bitumen with asphaltenes removed) was
separated by elution chromatography into saturated hydrocarbon, aromatic
hydrocarbon and resin fractions using constructed alumina/silica columns and
elution solvents of increasing polarity (Appendix OA4).

Whole oils and the Cg+ saturated and aromatic hydrocarbon fractions were analyzed
with a Hewlett Packard 6890 gas chromatograph (GC) equipped with a 60m x
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0.32mm fused-silica capillary column (DB-1) and a flame ionization detector (FID).
The GC temperature for the saturated hydrocarbons was programmed from 50°C to
330°C at 4.5°C/minute, and held at 330°C for 15 minutes. The aromatic
hydrocarbons were analyzed under the same conditions except that the starting
temperature was 40°C. The n-alkane and isoprenoid ratios are measured two ways:
peak height and peak area. Peak area more correctly represents the concentration of
pristane and phytane (and other isoprenoids) because it measures all stereoisomers
that coelute as one combined value (which reduces maturity effects of
isomerization). Peak height is preferred when coelution of extraneous compounds
on the shoulder of the desired peak will yield anomalously high concentrations
based on peak area. For example, when biomarker concentrations are high relative
to n-alkanes, they can interfere with n-alkane peak area measurements and peak
heights are preferred for n-alkane concentrations. The free pyrolysates were run
two ways: saturated hydrocarbons fraction and whole oil. The n-alkane ratio data
are superior on the whole oil gas chromatograms because of higher concentrations
of the high molecular weight compounds (greater than C,; ). The pristane/phytane
ratios are probably a little better quality on the saturated hydrocarbon gas
chromatograms because aromatic hydrocarbons sometimes coelute in whole oil gas
chromatograms.

Biomarker distributions were determined by analyzing combined saturated
and aromatic hydrocarbon fractions (Appendix OAS5) on a computerized
GC-mass spectrometer (MS) system using a Hewlett Packard 5890 GC with
a DB-1701 60 m x 0.32 mm column directly interfaced to a VG7035
magnetic sector MS. Dynamic mass resolution was 3000 (5 percent valley).
Multiple ion detection was accomplished by switching the accelerating
voltage at a constant magnetic field. The selected ions were m/z 191.1800
(terpanes), m/z 217.1956 (steranes), m/z 231.1174 (triaromatic steroids) and
m/z 253.1956 (monoaromatic steroids). Tentative peak identifications were
based on elution time and confirmed in many cases with mass spectra and
MS-MS (Philp, 1985). The steranes were also analyzed by GC-MS-MS for
parent molecular weights from C,4 to Cs, and the daughter fragment ion m/z
217. All gas chromatograms used for this study are included on this CD-
ROM as Adobe Acrobat (.pdf) files and may be viewed with the Acrobat
Reader (see Appendix OAG6 for list of filenames). Also included are selected
mass chromatograms by Anders and Magoon (1986) and Anders and others
(1987). Peak heights were used for measuring compound concentrations to
avoid the erroneous measurement of coeluting compounds. Biomarker peak
height measurements are listed in Appendix OA7.
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Stable carbon isotope ratios were determined for the C;s+ saturated and
aromatic hydrocarbon fractions by placing an aliquot of each sample in a
quartz tube with cupric oxide and a silver strip. The tubes were sealed under
a vacuum and heated at 840°C for 4 hours. The evolved CO, was collected
in a liquid nitrogen trap, and further purification and dehydration of the gas
was accomplished by cryogenic distillation under vacuum. Carbon isotope
ratios of the CO, were measured on a Finnigan MAT 251 dual inlet isotope
ratio mass spectrometer.

Kerogen was isolated from rock samples using HF and HCI acid digestion
followed by ZnBr heavy liquid separation (Appendix OAS). Elemental
analysis of the kerogen was performed by Huffman Laboratories. As with
the Rock-Eval data, the kerogen data is not representative of the overall
sample composition because one small rock piece was removed from the
crushed bulk sample. It was not practical to pulverize and homogenize a
representative aliquot of the sample because of limited sample size.

OIL-OIL CORRELATION

The oils from within and around ANWR (sample numbers 1 through 28, Table
OAT) are divided into three oil types based primarily on the stable carbon isotope
values of the aromatic hydrocarbon fraction with supporting evidence from several
other geochemical parameters including biomarker composition and
vanadium/nickel ratios. The three types are designated Prudhoe after the Barrow-
Prudhoe oil type of Magoon and Claypool (1981) and the Jago and Manning oil
types following the terminology of Anders and others (1987). For practical purposes
and to retain consistancy with the literature, the Prudhue oil type is treated in this
study as a chemically distinct type even though there is variation in composition
reflecting the relative contribution of sources (Sedivy and others, 1987; Wicks and
others, 1991; Masterson and others, 1997). The Kavik oil-stained sample (19)
found just southwest of ANWR is not considered a distinctive oil type as defined by
Anders and others (1987) because new isotope data of the oil stain suggests it
belongs to the Jago oil type.

Oil Geochemistry

Stable Carbon Isotope Geochemistry.

Stable carbon isotopes (d'°C ) of the saturated and aromatic hydrocarbons are listed
in Table OA3 and are plotted in Figure OA3. Comparison of the results with those
of Anders and others (1987) reveals a shift in the aromatic hydrocarbon isotopic
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d values of approximately +0.4 per mil for the new samples re-collected from the
same localities as the 1987 study. A smaller and less consistent shift is observed in
the 1sotopic values of the saturated hydrocarbon fraction. This shift is most likely
—| B Caused by a different column chromatography method. Nevertheless, the results
from this study support the conclusions of Anders and others (1987) that there is a
Manning oil type and a Jago oil type within ANWR. To avoid confusion about data
source, only data from this study are shown on Figure OA3.

Also plotted on Figure OA3 is a line proposed by Sofer (1984) that separates waxy
oils from non-waxy oils. Waxy oils are usually derived from terrestrial organic
matter while non-waxy oils are usually derived from marine organic matter. All of
the oils except for samples 23 and 30 plot on the marine side of the Sofer line. The
Kingak oil (30) from the Kavearak Point well (sample location 30 in Figure OA1) is
quite distinctive based on these data as well as other geochemical data below and
results are similar to previous studies (Seifert and others, 1980; Premuzic and others
1986; Anders and others, 1987). It is not likely that oil derived from the Kingak has
charged the ANWR area except as a minor constituent of a mixture because it is
geochemically unlike any sample analyzed from the ANWR area.

The Prudhoe oil type is distinguished based on the stable carbon isotopic values of
many of the Point Thompson area oils and the oil sample produced from Prudhoe
field (17). The oil type boundary was originally placed at -28.5 per mil for aromatic
hydrocarbons and -29.35 per mil for the saturated hydrocarbons based on a subtle
natural break in the data. However, because of geological and geochemical
considerations, we define the boundary at -28.7 per mil for aromatic hydrocarbons to
exclude samples 11 and 15. These two oil samples are from the Thomson sand in the
Point Thompson area and should be the same oil type (Jago) as the oils found in the
Thomson sand in nearby wells (samples 10, 13, and 14). Furthermore, the reported
gas/oil ratio (GOR) of tests from near the depth interval of sample 11 and sample 15
(GOR 5826 and 3890, respectively) is higher than expected for Prudhoe oil type (less
than 1500). The biomarker data of sample 11 and 15 discussed below indicate
Prudhoe and Jago oil type characteristics. We therefore consider these oils to be a
mixture of Prudhoe and Jago oil types. The two oil-stained samples from the
Canning River west of ANWR (20 and 21) also appear to be a mixture of Prudhoe
and Jago oil types based on similar geochemical evidence.

The Jago oil type as defined here falls in a narrow range of intermediate isotopic
values with the boundaries placed at natural breaks of the d">C aromatic
hydrocarbon values (-28.5 per mil and -28.0 per mil, respectively). The Sagwon
Bluffs oil stain (18) from west of ANWR (sample location 18 in Figure OA1) and
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the oil stain from the Jago River area (24) within ANWR (sample location 24 in
Figure OA2) are considered to be Jago oil type. The Kavik (19) d”’C aromatic
hydrocarbon value is nearly within the range of the Jago oil type and the d"°C
saturated hydrocarbon value is clearly within the range of the Jago type but other
geochemical evidence is poor due to biodegradation. The North Katakturuk oil
stain (23) was considered to be Jago oil type by Anders and others (1987) but data
from this study suggest a mixture of oil types.

The Manning Point oil seep (sample locations 25 and 26 in Fig. OA2) was
originally characterized by Anders and others (1987) as a distinctive oil type based
on the considerably heavier isotopic composition and other geochemical parameters.
The new data support this interpretation but the geographic proximity and
geochemical similarities of the Aurora well oil stain (sample location 27 in Fig.
OAZ2) have led to its inclusion in the Manning oil family. Thus the Manning oil
type boundary is placed at -27.8 per mil for aromatic hydrocarbons and - 28.8 per
mil for saturated hydrocarbons. Curiale (1995) reports -28.8 per mil saturated
hydrocarbon value for the oil from the Hammerhead 1 well (OCS-Y-0849-1)
offshore from Point Thompson (Figure OA2) and he notes the geochemical
similarity of the Hammerhead oil to Manning Point seep. We speculate that oil
tested from the Kuvlum well (OCS Y-0866) is Manning type based on geographic
proximity, Brookian reservoir age and reported 34°API gravity oil. The Angun
sample (sample location 28 in Fig. OA2), originally reported to be Jago type by
Anders and others (1987), is classified as Manning oil type based on the new
isotope data.

Because the d"°C value of the aromatic hydrocarbon fraction is the primary
geochemical parameter for oil typing, most of the subsequent figures in this paper
are plots of this parameter vs another geochemical parameter to illustrate differences
between oil families.

Nickel, Vanadium and Sulfur

The nickel, vanadium and sulfur data for the oils, oil stains and seeps are listed in
Table OA4. A plot of Ni vs V concentration is shown in Figure OA4, a plot of
V/V+Ni vs d”°C aromatic hydrocarbons is shown in Figure OA5, and a plot of
sulfur content vs d°C aromatic hydrocarbons is shown in Figure OA6. The lean
values on the two tables are indicated by the < (less than) sign indicating results
below the instrument detection limits. Nickel and vanadium concentrations near the
detection limits will yield a V/V+Ni ratio of questionable accuracy. Although the
nickel, vanadium and sulfur concentrations in oils are quite dependent upon the
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degree of oil alteration such as biodegradation and maturity, the V/V-+Ni ratio is
relatively unaffected by alteration processes (Lewan, 1984) and may be used for
correlation and interpretation of the depositional environment of source rocks.
Similarly, nickel, vanadium and sulfur analyses of extracted oil stains is clearly
biased toward higher concentrations but the V/V+Ni ratio should be relatively
unaffected.

For unknown reasons, the vanadium concentration of the D3 Put River oil from
Prudhoe Bay (17) measured for this study by Huffman Laboratories is somewhat
lower than results of four other labs (in Magoon and Claypool, 1985; Hughes and
Holba, 1988) where values ranged from 11 to 17 ppm. The suspect Put D3 value is
plotted on Figure OAS with a large arrow indicating the probable true V/V+Ni ratio.
The Mikkelsen Canning (3) value is also suspect because Hughes and Holba (1988)
report a value of 0.45. Because the metals concentrations are too low for the
Manning Point samples (25, 26) and the Kavik sample (19), the V/V+Ni values are
uncertain and are not plotted. Because biodegradation increases the sulfur content
of oil, many of the samples in Figure OA6 have anomalously high sulfur values.

The Prudhoe oil type data form a close data group with V/V+Ni between 0.6 and
0.75 (Figure OAS5) and sulfur content between 0.95 and 1.4 weight percent (Figure
OA®6). These results are very similar to the results summarized by Banet (1994)
from data by Hughes and Holba (1988) for Prudhoe type oils with V/V+Ni values
between 0.66 and 0.78 and sulfur content between 0.99 and 1.67 weight percent. A
summary by Curiale (1987) also presents similar results for his “Type A” (Prudhoe)
oils with V/V+Ni1 values between 0.5 and 0.8 and sulfur contents between 0.7 and
1.9 weight percent. Interestingly, oil tested from the Hue Shale in the W. Staines
well (8) appears to be Prudhoe type based on the sulfur, V/V+Ni and carbon isotope
data.

The nickel, vanadium and sulfur characteristics of the Jago oil type are less clear
because both of the Jago type samples analyzed for these elements are biodegraded
oil-stained sandstones (18, 24). Thus, the absolute concentrations of N1, V and S
are elevated by an unknown amount. Furthermore, the concentration of the oil in
the sandstone sample from Jago River (24) is very low (402 ppm) and the elemental
concentration data are considered unreliable. The sulfur content of Jago type oil
stain in the Sagwon Bluffs sample (18) is 0.62 weight percent. The Kavik sample
(19) has a similar sulfur content although it may be a mixture of Jago and low-sulfur
Manning oil. Therefore, it is estimated that undegraded Jago oil would have sulfur
content between 0.5 and 1.0 weight percent. The V/V+Ni values of Jago oil type
samples (18, 24) are 0.34 and 0.41, respectively.
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The sulfur content of Manning oil type is the lowest of the three oil types; the
undegraded Manning oil type is probably less than 0.3 weight percent based on the
projection of two moderately biodegraded samples (25, 26). Magoon and Claypool
(1981) report a value of 0.14 weight percent for the Manning Point seep. The sulfur
content of the Angun Point sample (28) reported here is anomalously high (0.63
weight percent) for Manning oil type. Magoon and Claypool (1981) report a value
of 0.22 weight percent for Angun Point seep (their “Ungoon Point oil seep”). The
new data may be anomalously high because the sulfur analysis was performed on an
extracted oil stain and the sample is severely degraded. Alternatively, Angun Point
oil may contain some Jago oil with higher sulfur content as suggested by the d"°C
aromatic hydrocarbon value near the Manning-Jago oil type boundary. The
Manning oil type contains very low nickel and vanadium concentrations and the two
Manning Point seep samples are too lean to measure. Curiale (1995) reports low
nickel and vanadium values for the Hammerhead oil (Ni = 1.5 ppm, V= 1.2 ppm,
V/V+Ni = 0.44) which is likely the same oil type as Manning Point. The Angun
Point oil stain (28) has anomalously high concentrations of nickel and vanadium for
the same reasons as the high sulfur content mentioned above (degraded extracted oil
stain), but the V/V+Ni of 0.56 is considered to be reliable based on reasonable
metal concentrations and no partitioning effects from alteration (Lewan, 1984).

Hydrocarbon Fractions.

Oil stain extractions and oils were separated into the saturated and aromatic
hydrocarbon fractions using column chromatography (Table OAS5). Unfortunately,
these data are not directly comparable with the work of Anders and others (1987)
because they used a different column chromatography method. Figure OA7 shows
hydrocarbon characteristics of the oil types with the Manning oil type having both
the highest saturate/aromatic (S/A) hydrocarbon and percent hydrocarbon values
(greater than 2.5 and 85, respectively). The S/A values of the Jago oil type range
from 1.3 to 2.5 while the Prudhoe oils range from 0.9 to 1.7. Jago type samples 10
and 14 have the lowest S/A values of the oil type range but have questionable data
due to low concentrations of saturated and aromatic hydrocarbon fractions. Low
hydrocarbon values from the N. Katakturuk (23), Kavik (19) and Angun (28) oil
samples indicate severe biodegradation. Reduced hydrocarbon content of the other
oil-stained outcrop samples including Canning River (20, 21) and Sagwon Bluffs
(18) also suggest some biodegradation. Surprisingly, high hydrocarbon
concentrations were measured in outcrop oil stains from Jago River (24) and
Manning Point (25) and the oil from the Seismic Line (29) even though gas
chromatography data (presented below) indicate significant biodegradation.
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Normal Alkanes, Pristane and Phytane.

Normal alkane and isoprenoid ratio data for the oils are listed in Table OA6
with data quality graded from A for excellent to F for unacceptable based
on the signal/noise ratio, baseline resolution, coelution and other factors.
Data rated C and D are reported but should not be used unless supported by
other data. Unfortunately, most of the GC data of the saturated hydrocarbon
fraction cannot be used (graded C or worse) to calculate peak ratios due,
primarily, to biodegradation (Table OA6). Consequently, characterization of
the three oil types based on the pristane/phytane ratio and odd-even carbon
number preference (Scalan and Smith, 1970; Hunt, 1979) is limited to just
eight and thirteen samples, respectively.

The Prudhoe oil type has pristane/phytane values ranging from 0.75 to 1.39
based on five samples with the sample from Prudhoe Bay Field (17) having
the highest value and the sample from the Lisburne reservoir (4) having the
lowest value. The Prudhoe oil type has a carbon preferential index (CPI 1)
near or slightly below unity with an average of 0.96 and a range from 0.82 to
1.04 (seven samples). These data suggest that the source rocks had minimal
terrestrial organic matter and siliciclastic input and were deposited in an
anoxic depositional environment (Didyk and others, 1978; Powell and
McKirdy, 1973; Hunt, 1979; Hughes and others, 1995). The
pristane/phytane ratio of the Jago oil type is 1.23 based on only one reliable
data point (sample 7). The other Jago oils have pristane/phytane values less
than unity but are unreliable because of sample degradation (either
evaporative loss during sample storage or biodegradation). The CPI 1 of the
Jago oil type averages 1.02 based on four samples (7, 9, 10, 11). The
pristane/phytane ratio and CPI 1 of Manning oil type based on the oil stain
from the Tertiary in the Aurora well (27) is 2.68 and 1.23, respectively,
suggesting that the source rock had moderate terrestrial organic matter input
(Powell and McKirdy, 1973; Hunt, 1979). The other three Manning oils are
too biodegraded to detect the n-alkanes and acyclic 1soprenoids. The Kingak
(30) oil also has a high pristane/phytane ratio (2.3) and odd carbon
predominance CPI 1 of 1.09 suggesting a moderate terrestrial organic
matter input.

Biomarkers.

The biomarkers interpreted for this study are measured by GC-MS selected ion
monitoring of the m/z 191 fragment ion (tricyclic and pentacyclic terpanes) and by
GC-MS-MS with the parents C,4 through Csy yielding a m/z 217 daughter ion
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(steranes). Tentative biomarker peak identifications are shown in Figure OAS8 (m/z
191), Figure OA9a, Figure OA9b and listed in Table OA7 and Table OAS8. Selected
biomarkers ratios (Table OA9) were plotted against the aromatic hydrocarbon stable
carbon isotope value (Figures OA10 to Figure OA23) to confirm the oil typing (see
next sub-section “oil typing summary” and Table OA10) and to further characterize
the oil types. Biomarker data ranges are interpreted for each oil type based on data
clustering, geological considerations or consistency with the isotope data and other
geochemical parameters (Table OA10). In many cases, ranges overlap significantly
between oil types, but, in general, the Manning oil type can clearly be differentiated
based on biomarker geochemistry. However, the Jago and Prudhoe are not clearly
differentiated based on several of the parameters measured. Of the biomarker
parameters, the Jago can be most clearly differentiated from the Prudhoe based on
Ts/Tm (Figure OA10) and C,; diasterane/sterane (Figure OA11) ratios (see Table
OAQ9 for definitions). Other parameters that suggest a distinction between Jago and
Prudhoe types are oleanane/hopane and C;5/Cs;-35 hopanes. The biomarker data
suggest that both the Jago and Prudhoe oil types were derived from marine algal
source rocks deposited in low oxygen conditions with the Prudhoe sources slightly
lower in oxygen conditions based on higher C;5/C;;-35 hopanes and lower
pristane/phytane and CPI values. The Jago source may have had more clay content
based on lower sulfur content and higher diasterane/sterane and Ts/Tm values.

The Manning oil type can be clearly differentiated from Jago and Prudhoe oil types
by most biomarker parameters. The higher C,o/Cy; (Figure OA12), Cyy
tetracyclic/C,3 ( Figure OA13), and oleanane/hopane (Figure OA14) values are
consistent with a Cretaceous and younger source rock containing abundant
terrestrial organic matter (Philp and Gilbert, 1986; Ekweozor and Udo, 1988; Peters
and Moldowan, 1993). This is further supported by relatively high concentrations
of C,g steranes (Figure OA21) which are often derived from land plants (Huang and
Meinschein, 1979) and relatively low concentrations of n-propyl Cs, steranes
(Figure OA22) which are derived from marine algae (Moldowan and others, 1985).
As was stated before, the oil stain from the Aurora well clearly shows a significant
terrestrial land plant signature with an elevated pristane and land plant wax
concentrations. However, the presence of n-propyl Cs, steranes and
pristane/phytane ratio between 1 and 3 indicates that the depositional environment
was marine (Moldowan and others, 1985; Hughes and others, 1995). Therefore, the
source rock for Manning oil is interpreted to be a marine shale with significant land
plant input. Curiale (1995) reports that the oil from the Hammerhead well has
terrestrial biomarkers including oleanane and lupanoids derived from angiosperms
and is likely a Manning oil type.
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The Manning oil family appears to correlate with the Group 1 oil family of
McCaffrey and others (1994) from the Beaufort Sea Mackenzie delta area
east of ANWR based on a comparison of stable carbon isotope and
biomarker chemistry:

Parameter Manning oil range Group 1 range Best Fit SubGroup
d"*C Aromatic -27.77 to -27.08 -27.83 t0 -26.15 1C
Hydrocarbons

d"C Saturated -28.81 to -28.07 -28.62 to -28.07 1 (insufficient data)
Hydrocarbons

Oleanane index 18 to 22 7 to 46 1C
pristane/phytane 2.7 1.96t0 4.4 1B

%C3;0 sterane 7to8 2to 13 1C

%C,7 sterane 16 to 20 16 to 32 1A

%C,g sterane 21to23 14 to 30 1C

%Cy9 sterane 58 to 62 44 t0 70 1B

Css hopane 2t06 04to6 1B, 1C

McCaffrey and others (1994) state that the Group 1 oils are derived from
distal marine portions of a Tertiary deltaic sequence with subgroup 1A being
the most marine in character based on the Cs, sterane concentrations. The
Manning oil type appears to correlate best with subgroup 1B which suggests
a less marine character. The Group 1 oils of McCaffrey and others (1994)
are equivalent to the Group C oils of Brooks (1986a, 1986b) and the
Paleogene oils of Curiale (1991). Both Brooks and Curiale identify the
Eocene Richards Formation as a possible source of this oil type which is the
same age and depositional environment as the Mikkelsen Tongue of the
Canning Formation in the ANWR area.

The Canning Formation is a Paleocene to Oligocene prodelta slope and shelf
shale with turbidite sands in the lower part (Molenaar and others, 1987) and
contains predominantly terrestrial organic matter (Magoon and others,

1987). While most of the Canning contains gas-prone organic matter, the
Eocene Mikkelsen Tongue of the Canning is considered to be an oil-prone
source facies (Keller and others, Chap. SR). The age, organic facies and
depositional environment of the Mikkelsen Tongue is consistent with the
chemistry of the Manning oil type which contains biomarkers of Tertiary
terrestrial and lesser marine organic matter.

The Manning oil type correlates well with the Seismic Line oil (29) based on
all bulk and molecular parameters except for the oleanane/hopane value.
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Anders and others (1987) made a similar correlation. In a multi-laboratory
cooperative oil-source rock correlation study (Claypool and Magoon, 1985)
this oil was believed to be derived from either the pebble shale (fourteen
laboratories), the Torok Formation (seven laboratories), or the Kingak Shale
(four laboratories). Interestingly, the Torok Formation has a very similar
depositional environment (prodelta shelf-slope) as the Canning Formation
and also represents the lower part of the Brookian Sequence. The Torok
Formation is slightly older which may explain the lack of oleanane.

Oil Typing Summary.

In order to evaluate the consistency of the geochemical data in defining the three oil
types described above, oil type assignments (Prudhoe, Jago or Manning) are made
for each sample for each geochemical parameter (Table OA10). In cases where the
data range overlaps, the oil type assignment is a mixture of the overlapping types.
The oil type assignments are tallied to see how well the various data types support
the oil typing based only on the d"°C isotope data. Although oil gravity and GOR
were not included in the tally, data are listed in Table OA10 for comparison. In
general, the tally results support the original oil type assignment based on the d"*C
aromatic hydrocarbons. The highest tallies and thus the most distinctive oil type is
the Manning. The samples with low tallies are most likely mixtures of more than
one oil type. In general, the biomarker data are consistent with the isotope data with
the exception of sample 6 which has Jago type isotopes and Prudhoe type
biomarkers, oil gravity and GOR (Table OA10). For this reason, sample 6 has been
reassigned as a mixed oil type.

Oil sample 4 may be a separate oil type based on several geochemical parameters
that distinguish it from the other oil types, including the d"’C saturated hydrocarbon
value, vanadium content, saturated/aromatic hydrocarbons, pristane/phytane,
Ts/Tm, C;5/Cs;-35 hopanes, C,; diasterane/sterane, Cyg sterane, n-propyl Cj; sterane,
and 24-nor/24+27-norcholestanes ratios. However, several parameters suggest a
genetic association with the Prudhoe oil type. For this report we prefer to lump this
oil with the Prudhoe type rather than split a single oil out as a separate type. We
speculate that the source rock for this oil may be the Lisburne Group because the oil
was tested from a Lisburne reservoir and the low pristane/phytane,
saturated/aromatic hydrocarbons and C,; diasterane/sterane values and the high
sulfur and vanadium content suggest a carbonate source rock deposited in an anoxic
marine environment.
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Source rock samples selected for hydrous pyrolysis are listed in Table OA2. Rock-
Eval pyrolysis was performed before hydrous pyrolysis and Rock-Eval and bitumen
extraction were performed after the last experiment at 360°C (Table OA11). At this
time no further analyses were performed on the extracts. The pebble shale unit (36),
Kingak (37) and Canning Formation (32) samples selected for hydrous pyrolysis
have low Rock-Eval hydrogen index values (less than 200 mg HC/g rock) and,
therefore, are not prospective oil sources (Peters, 1986) (Table OA11). These were
run because they were the only samples available at the time of this study. The
Rock-Eval Tmax data indicate favorable maturity (Tmax less than 430°C) for all of
the hydrous pyrolysis samples except some of the Mikkelsen well core samples (32,
34, 35). These core samples have slightly higher thermal maturity (Tmax = 432-
439°C) which may have adversely affected some of the kinetic data described
below.

Elemental data of the kerogens from the Hue and Shublik are shown in Table OA12.
Both the Shublik (31) and Hue (33, 38, 42) qualify as Type Il kerogen based on H/C
values greater than 1.0 and the Shublik value falls between Type II and Type I
kerogen evolution paths (Tissot and others, 1974). The samples from the Mikkelsen
13-9-19 well (33, 34, 35) are slightly more mature based on Tmax and the H/C
values may be reduced from immature values. None of the kerogens analyzed are
considered high-sulfur (greater than 8 percent organic sulfur) or Type II-S (S/C
greater than 0.04; Orr, 1986). The Shublik sample (31) and the Hue Shale sample
(38) are considered "medium-sulfur" kerogens (S/C greater than 0.02; Orr, 1986).
The high O/C values in the Hue Shale sample (42) suggests some Type III humic
organic matter.

Expelled Oil from Hydrous Pyrolysis

Oil Yield.

Liquid pyrolysate yields from hydrous pyrolysis are a measure of the oil generative
potential of a source rock although the yields are thought to be greater than in nature
(Lewan and others, 1995). Immature source rocks that yield no expelled liquid
pyrolysate indicate no oil generative potential. The liquid pyrolysate yields from
the hydrous pyrolysis experiments are listed in Table OA13 and indicate that the
Hue Shale (34, 42) and the Shublik (31) are excellent oil-prone source rocks.
However, the Hue Shale is quite variable in organic composition and the most
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prospective sample (38) based on Rock-Eval data did not generate an expelled oil
during hydrous pyrolysis. The inconsistency between hydrous pyrolysis and Rock-
Eval results is most likely due to the Rock-Eval sample aliquot not being
representative of the overall hydrous pyrolysis sample composition. However, it
also has been shown that Rock-Eval pyrolysis exaggerates the oil generative
potential over hydrous pyrolysis by as much as 100% (Lewan and others, 1995).
The results from this study also show that the calculated expelled oil based on
Rock-Eval data (Cooles and others, 1986; Schmoker, 1994) is generally much
higher than the actual yield from hydrous pyrolysis (Table OA11). The failure to
obtain free oil from the Canning (32), pebble shale unit (36) and the Kingak (37)
during hydrous pyrolysis confirms the Rock-Eval data that these samples have no
oil generating potential. As was stated before, however, the number of samples
precludes adequate representation of each formation.

Stable Carbon Isotopes.

The isotopic values of the pyrolysates are listed in Table OA14. The isotopic values
generally increase with increasing thermal stress. The weighted averages for the
pyrolysates are calculated based on the relative yields, and presumably represent the
overall expected composition of migrated and trapped oil. The isotopic values of
the Shublik pyrolysates (31) are similar to the Prudhoe oil type (Figure OA3) and
suggest that the Shublik Formation is the primary source of this oil type. However,
the Prudhoe oil type in general has a slightly higher d">C aromatic values than the
weighted average Shublik pyrolysate. This is most likely due to the contribution of
other sources such as the Hue Shale and possibly the Kingak Shale to the Prudhoe
oil type. The isotopic values of the Hue pyrolysates from the Mikkelsen well (34A,
34B, 34C) correlate with the Jago oil type. However, the isotopic values of some of
the Hue pyrolysates from the ANWR (42B, 42C, 42D) outcrop are considerably
heavier isotopically and are similar to the Manning oil type. Other geochemical
data presented below suggest that the Hue (42) is not likely the primary source of
the Manning oil type. The Hue isotope data illustrate the high variability in organic
composition of the formation as previously observed by Anders and others (1987).
They concluded that increased Type III kerogen (terrestrial organic matter) in some
facies of the Hue causes the heavier d"°C values.

The Endicott field oil is believed to derived predominantly from the Cretaceous
"Highly Radioactive Zone" or HRZ (lower Hue Shale) with subordinate
contributions from the Shublik and Kingak Formations (Wicks and others, 1991).
The reported d"°C values place Endicott oil intermediate between Prudhoe and
mixed oil types on Figure OA3 (between sample 3 and 21).
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Nickel, Vanadium and Sulfur.

The nickel, vanadium, and sulfur contents of the oils generated from hydrous
pyrolysis are listed in Table OA13 and shown on Figures OA4, OAS, and OAG®.
The Shublik Formation produces a high sulfur and moderate gravity oil (less than
30°API) with a vanadium concentration greater than the nickel concentration while
the Hue Shale generates a high sulfur, high gravity oil (greater than 33°API) with a
nickel concentration greater than the vanadium concentration. However, the sulfur
content of expelled oil from hydrous pyrolysis is usually greater than in natural
crude oil from the same source rock. For example, the expelled oil from the New
Albany Shale is 1.0 weight percent sulfur while natural crude oil derived from the
New Albany Shale ranges from 0.2 to 0.4 weight percent. Similarly, Lewan (1993)
noted that expelled oils have larger aromatic and polar fractions. The observed
exaggeration may be related to differences in the expulsion mechanism in nature vs
hydrous pyrolysis. Alternatively, the short migration distance or the high
experiment temperatures of hydrous pyrolysis may enhance the polar content of the
pyrolysate (Lewan, 1993). More research is need to determine the degree of
exaggeration but for the purposes of this study we estimate that observed sulfur
contents in expelled oils are twice as high as the equivalent natural crude oil.

The observed sulfur content of the Shublik pyrolysate is about 2.6 weight percent so
perhaps realistic values of a Shublik crude oil would be closer to 1.3 wt percent
sulfur. Similarly, a realistic estimated sulfur value for a Hue crude oil would be
about 0.6 to 0.9 wt percent (half the values of the observed sulfur contents). Given
these assumptions, the Shublik and Hue would produce oils with similar sulfur
content as the Prudhoe and Jago oil types, respectively.

Although the absolute concentration of nickel and vanadium in the pyrolysates
could also be elevated above natural crude oil equivalents, the ratio of V/V+Ni can
be used for correlation purposes. A plot of the V/V+Ni vs d°C aromatic
hydrocarbon (Figure OAS5) shows that the Shublik oil is similar to the Prudhoe oil
type and the Hue oil correlates with the Jago oil type. These data suggest that the
Shublik is likely the primary source of Prudhoe oil with a minor contribution of oil
from the Hue Shale and possibly the Kingak Shale.

The amount of organic sulfur in the kerogen does not necessarily correspond to the
amount of sulfur in the free oil pyrolysate. For example, the organic sulfur content
of the Hue sample 42 is over three times higher than that of the Hue sample 34 yet
they generated pyrolysates with similar sulfur contents (Table OA12 and OA13).
This discrepancy could be explained by a sampling error as discussed above; that is,
the kerogen sub-sample is not representative of whole hydrous pyrolysis sample.
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Alternatively, organic sulfur may be bound to the kerogen in two ways; a labile
sulfur which is released during oil generation and a refractive sulfur which stays
bound in the kerogen through the oil window. Furthermore, sulfur products of
hydrous pyrolysis may be partitioned in the free oil, bitumen, hydrogen sulfide,
aqueous sulfur and sulfide mineral precipitate.

Hydrocarbon Fractions.

Pyrolysates and rinses were separated into the saturated and aromatic hydrocarbon
fractions using column chromatography (Table OA15). The Hue and Shublik
pyrolysates have saturate/aromatic ratios (S/A) less than 1.5 with the Shublik
slightly lower (less than 1.0). Pyrolysates generally are more aromatic-rich than
equivalent crude oils from the same source rock (Lewan and others, 1979; Rowland
and others, 1986). This may explain why the S/A values of the Shublik and Hue
pyrolysates do not correlate with the Prudhoe and Jago oil types, respectively
(Figure OA7). The Shublik pyrolysates have distinctly lower total hydrocarbon
content than the Hue pyrolysates but values are still in the range of unaltered natural
crude o1l (greater than 60 percent hydrocarbons).

Normal Alkanes, Pristane and Phytane.

Normal alkane and isoprenoid ratio data for the pyrolysates are listed in
Table OA16 with data quality graded in the same way as the data in Table
OAG6. The weighted averages for the pyrolysates are calculated based on the
relative yields, and presumably represent the overall expected composition
of migrated and trapped oil. The Shublik (31) pristane/phytane ratio is
slightly higher than both Prudhoe and Jago oil types while the Hue (34) data
is in the range of Prudhoe and possibly Jago oil types. The Hue sample from
ANWR (42) approximately correlates with the Manning oil type.

The Shublik pyrolysate has an odd carbon predominance in the Cy to Cs,
region suggesting a source rock with some land plant debris (Table OA16).
In contrast, the lower Hue sample (34) in the 13-9-19 Mikkelsen well has a
more algal-rich, land plant-poor anoxic signature with a pristane/phytane
ratio of about 0.8 and even carbon predominance from C,; to Cs;. The
single oil generated from the upper Hue in the Mikkelsen well (33A) has a
pristane/phytane value of 1.6 suggesting higher oxygen conditions than the
lower Hue (34). The two Hue samples from within ANWR (38, 42) show
increased land plant input as indicated by the higher odd carbon
predominance and higher pristane/phytane ratios. The Hue sample 42 has
the highest pristane/phytane ratio indicating significant land plant
contributions and possibly higher oxygen conditions. These n-alkane and

«“ Click here or on this symbol
in the toolbar to return.

The Oil and Gas Resource Potential of the
Arctic National Wildlife Refu