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Abstract
New outcrop geochemical data for Mesozoic source rocks of the Alaska Peninsula are presented along-

side similar pre-existing data from Tertiary units of the North Aleutian basin, facilitating direct comparison 
of key characteristics that determine the type and quantity of expelled petroleum. Consisting of total 
organic carbon, Rock-Eval pyrolysis, kerogen petrography, and vitrinite refl ectance data from samples of 
Triassic Kamishak and Jurassic Kialagvik Formation exposures at Puale Bay, the new data confi rm previ-
ous descriptions of these source-rock units as highly oil-prone. More importantly, this dataset establishes 
important distinctions between the two Mesozoic formations, and provides constraints on the stratigraphic 
variations and lithofacies associations of the quantity and type of organic matter within each unit. Ad-
ditionally, the Puale Bay vitrinite refl ectance data are the fi rst to confi rm the section’s immature to early 
oil-window thermal maturity previously indicated only by pyrolysis data. The same approach applied to 
Tertiary formations penetrated in the North Aleutian Shelf COST #1 well and a small population of outcrop 
coal samples provides details supporting the conclusion reached by previous workers that the Cenozoic 
backarc basin fi ll is dominated by terrestrially-sourced coaly kerogen, and is most prospective for natural 
gas. Though certain facies may possess marginal capability to generate petroleum liquids, particularly 
carbonaceous mudstones within the Tolstoi Formation and some coals of the Bear Lake Formation, high 
matrix adsorption effects are likely to limit expulsion effi ciency, minimizing the likelihood of signifi cant 
Tertiary-sourced oil accumulations in the basin.

INTRODUCTION
The Alaska Peninsula hosts potential petroleum 

systems of both Mesozoic and Cenozoic age (Finzel 
and others, 2005; Sherwood and others, 2006; Decker 
and others, 2006; Reifenstuhl and others, 2007), but 
to date neither has yielded commercial production. A 
signifi cant difference between these two petroleum 
systems is that source rocks of the Mesozoic system 
contain dominantly oil-prone marine organic matter 
(Wang and others, 1988; Magoon and Anders, 1992), 
whereas those of the Cenozoic system are dominated by 
gas-prone terrestrial kerogens (Dow, 1983; Turner and 
others, 1988; Sherwood and others, 2006). 

On the southeastern side of the northern Alaska 
Peninsula near Wide Bay, Becharof Lake, and Puale 
Bay, surface petroleum seeps leave no doubt that the 
Mesozoic petroleum system contains effective oil and 
gas source rocks. At least 14 historically active seeps of 
oil or fl ammable gas in this area have been catalogued by 
Blodgett and Clautice (2005) as emanating from Jurassic 
rocks of the Chignik subterrane, the southeastern block 
of the Alaska Peninsula terrane (fi g. 1; Wilson and others, 
1985, 1999). Magoon and Anders (1990, 1992) presented 
biomarker and isotopic evidence linking these seeps to 
the underlying Upper Triassic Kamishak Formation and 
the mostly Middle Jurassic Kialagvik Formations (fi g. 2). 
Age-equivalent source-rock units extend northeastward 
beneath much of the Cook Inlet basin, where the Middle 

Jurassic Tuxedni Group is the principal source of oil in 
commercial fi elds in upper Cook Inlet, and Upper Trias-
sic strata contribute to non-commercial oil occurrences 
in lower Cook Inlet (Magoon and Claypool, 1981; Ma-
goon and Anders, 1990, 1992; Magoon, 1994).

In contrast, the Quaternary-covered northwestern 
side of the northern Alaska Peninsula (Bristol Bay 
Lowlands area) is devoid of active hydrocarbon seeps. 
There, in the northeast portion of the North Aleutian 
basin, the three wells that penetrate the full Cenozoic 
sedimentary and volcanic section of the Ugashik sub-
basin (fi g. 1; Decker, Reifenstuhl and Gillis, this volume) 
are interpreted to pass directly into Mesozoic igneous 
and metamorphic basement of the Iliamna subterrane of 
the Alaska Peninsula terrane (Wilson and others, 1985; 
1999), without encountering source-prone Mesozoic 
sedimentary rocks.

On the southwestern Alaska Peninsula southwest of 
Port Moller, Chignik subterrane units are uplifted and 
exposed along the southern margin of the main North 
Aleutian basin. Thermogenic natural gas seeps vigor-
ously from fractured Cretaceous Herendeen Formation 
at the Port Moller hot spring (Decker and others, 2005), 
most likely derived from an underlying Mesozoic source. 
Minor oil shows occur in Tertiary strata in several wells 
within and along this edge of the North Aleutian basin, 
but Sherwood and others (2006) consider it unlikely that 
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oil-prone Chignik subterrane source-rock units underlie 
substantial areas of the basin offshore, and view the coaly 
nonmarine to shallow marine Tertiary section there as 
primarily prospective for natural gas.

This report presents recently obtained total organic 
carbon, Rock-Eval pyrolysis, organic petrography, and 
vitrinite refl ectance (Ro) thermal maturity data from 
outcrops of the Triassic Kamishak and Jurassic Kialagvik 
formations at Puale Bay (table 1, These data are used 
to describe their petroleum source-rock characteristics 
and to draw fi gs. 3–5).contrasts between them and the 
Tertiary formations of the North Aleutian basin, mainly 
as documented using data from the North Aleutian Shelf 
COST #1 well (fi g. 1; Dow, 1983; Turner and others, 
1988; Sherwood and others, 2006). This study is nei-
ther a comprehensive overview of regional source rock 
geochemistry nor an exhaustive compilation or treatment 
of all the relevant data that might be assembled from a 
variety of sources. It is intended to present new outcrop 
data in the context of existing data, and to provide insight 

into the fundamental differences between the Mesozoic 
and Cenozoic petroleum systems noted above. 

SOURCE-ROCK EVALUATION 
APPROACH

The data considered here address the fundamental 
parameters required to describe a rock’s potential and 
effectiveness as a petroleum source: (1) the quantity 
or richness of organic matter, (2) the quality or type of 
organic matter, and (3) the thermal maturity or extent of 
heating (Tissot and Welte, 1984; Peters and Cassa, 1994). 
The following overview introduces many of the terms 
and concepts used in source-rock characterization. Key 
references for further reading on analytical procedures, 
applications, and pitfalls of these techniques include 
Espitalie and others (1977, 1985), Dow (1977), Tissot 
and Welte (1984), Peters (1986), Langford and Blanc-
Valleron (1990), and Peters and Cassa (1994).

Figure 1. Location map of the Alaska Peninsula showing generalized geologic units, tectonic elements, and localities referred 
to in text. Abbreviations as follows: PB = Puale Bay, WB = Wide Bay, BL = Becharof Lake, Usb = Ugashik sub-basin, 
PMhs = Port Moller hot spring (gas seep), Cs =Chignik sub-terrane (in places covered by Cenozoic overlap succession), 
Is = Iliamna sub-terrane, BBF = Bruin Bay fault, ULFS = Ugashik Lakes fault system, DRZ = David River zone. Geologic 
age units after Beikman (1980); basin isopachs from Kirschner (1988).
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Figure 2. Composite stratigraphic column for the Alaska Peninsula, modifi ed after Beeman and others 
(1996) and Detterman and others (1996). Metamorphic and plutonic units, including the Iliamna 
sub-terrane of the Alaska Peninsula terrane, are not depicted.
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The quantity of organic matter in a source rock is 
expressed simply as total organic carbon (TOC) as a 
percentage of the total sample weight. TOC varies from 
approximately 0.5 percent in lean source rocks to more 
than 50 percent in true coals (for example, Peters and 
Cassa, 1994). Many good to excellent source shales 
fall in the 1–5 percent range, and carbonaceous shales, 
siltstones, and other coaly lithologies span the range of 
TOC up to 50 percent. Modern geochemical laboratories 
quantify TOC using standardized combustion equipment 
and techniques.

It is essential to understand the types of kerogen that 
constitute the organic content because some kerogens 
are rich enough in hydrogen that they can generate both 
oil and gas (Types I, II, and II–III mixtures), whereas 
others contain limited hydrogen and are capable of 
generating mainly gas (Type III), and others are essen-
tially inert (Type IV). A source rock’s kerogen makeup 

depends mainly on its depositional environment, which 
determines both the types of kerogen that are present 
and their preservation potential. Ideally, kerogen typing 
should be carried out using complementary techniques, 
such as optical microscopy examination of the kerogen 
macerals and elemental analysis to quantify atomic 
H/C (hydrogen/carbon) and O/C (oxygen/carbon) ratios 
(Tissot and Welte, 1984). These atomic ratios are used 
to construct traditional van Krevelen diagrams, which, 
at low thermal maturity, clearly distinguish between hy-
drogen-rich and hydrogen-poor source rocks. At higher 
maturity levels, the kerogen type fi elds converge and 
overlap due to the progressive depletion of hydrogen 
and oxygen. The importance of controlling for thermal 
maturity in source-rock characterization is discussed 
further in subsequent paragraphs.

For practical reasons, screening studies routinely 
use effi cient but less defi nitive methods to assess kero-

Figure 3. Simplifi ed geology of Puale Bay exposures referred to in text showing location of source rock sampling stations 
in the Kamishak Formation (blue labels) and Kialagvik Formation (orange labels). Mapping adapted from USGS maps 
(Detterman and others, 1987; Wilson and others, 1999); some labels modifi ed to refl ect uncertainties described in text. 
Map units as follows: Pv? = Permian(?) volcanic breccia unconformably underlying Triassic Kamishak Formation; Trv? 
= Triassic(?) volcanic breccia (note that both Pv? and Trv? were mapped by USGS as Trv); Trk = Kamishak Formation; 
Jt = Talkeetna Formation; Jk = Kialagvik Formation; Js = Shelikof Formation; Q = Quaternary, undifferentiated. Js/Jk 
contact can arguably be placed farther north, immediately overlying the farthest northwest samples, here considered to be 
from the uppermost part of the Kialagvik Formation.
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gen type. One widely employed technique uses TOC 
in conjunction with the results of Rock-Eval pyrolysis 
(Espitalie and others, 1977, 1985) to construct a pseudo- 
or modifi ed van Krevelen diagram. Rock-Eval is a 
controlled heating procedure that quantifi es the amounts 
of pre-existing volatile hydrocarbon (S1), pyrolyzable 
hydrocarbon (S2), and carbon dioxide (S3) released from 
the rock sample over specifi c temperature ranges. Two 
key parameters determined by these measurements are 
hydrogen index (HI=S2/TOC x 100) and oxygen index 
(OI=S3/TOC x 100), which are typically plotted as prox-
ies for atomic ratios on a modifi ed van Krevelen diagram 
to distinguish kerogen types. As with true van Krevelen 
diagrams, the distinction between kerogen types on this 
sort of plot is greatest in thermally immature samples, 
and the fi elds overlap considerably at higher maturity. 
Normalized to their TOC content, immature sources 
containing oil-prone Type I and II kerogens yield more 
hydrocarbon (higher HI) and less carbon dioxide (lower 
OI) than gas-prone Type III or inert Type IV kerogens. 
It is important to recognize that a given data point on 
either traditional or modifi ed van Krevelen diagrams 
refl ects the weighted average of all the kerogen types 
present in that sample, and that samples typically con-
tain mixtures rather than consisting purely of oil-prone 
or gas-prone end-member kerogens (M. McCaffrey, 
2008, written commun.). Peters (1986) cautioned that 
pyrolysis techniques commonly overestimate the liquid 
hydrocarbon generative potential of samples containing 
Type III coaly kerogen. Elemental analyses (atomic 
H/C and O/C ratios) and organic petrography should 
supplement Rock-Eval and TOC data in determining 
whether suffi cient oil-prone kerogen is present for coals 
and carbonaceous shales to be effective oil source rocks 
(Peters, 1986). Effective oil-prone coals not only have 
HI in excess of 200 mg/g, but they also have atomic H/C 
ratio of at least 0.8–0.9 and liptinitic kerogen content of 
at least 15–20 percent (Hunt, 1991; Powell and Boreham, 
1994; Peters and Cassa, 1994).

Langford and Blanc-Valleron (1990) argued the mer-
its of an alternative means of kerogen characterization 
by applying linear regression analysis to graphs of S2 
vs. TOC. There is error in the measurement of S2 due to 
retention of some of the pyrolyzed hydrocarbon within 
the rock matrix (Katz, 1983; Espitalie and others, 1985; 
Peters, 1986; Langford and Blanc-Valleron, 1990). The 
smaller the TOC, the larger this error becomes. This in 
turn leads to low-side bias in the calculation of hydrogen 
index from individual samples with low TOC, causing 
organically lean samples to appear to contain more gas-
prone Type III kerogen than they actually do. According 
to Langford and Blanc-Valleron (1990), because HI is 
defi ned as S2/TOC x 100, the true average hydrogen 
index of a given sample population is best determined 

from the slope of the S2 vs. TOC regression line, not by 
the arithmetic mean of the individual HI values. Further-
more, the x-intercept of the regression line represents 
the threshold organic content required for that source 
rock to generate and release measurable hydrocarbon 
upon pyrolysis. The y-intercept directly indicates the 
hydrocarbon adsorption capacity, showing the amount of 
hydrocarbon that is retained within the source-rock ma-
trix upon pyrolysis. Langford and Blanc-Valleron (1990) 
maintained that the regression approach thus provides 
true average HI at the same time as it corrects for and 
quantifi es the adsorptive effect, providing a meaningful 
basis for distinguishing among source-rock populations 
that may appear very similar on traditional (H/C vs. O/C) 
or modifi ed (HI vs. OI) van Krevelen diagrams. 

During natural generation of oil and gas, kerogens 
mature (convert) into hydrocarbons across a range of 
temperatures, with the kerogen composition control-
ling the rate of generation at any given temperature. 
Knowledge of the thermal maturity level is critical to 
source-rock evaluation both for determining how much 
oil or gas may have been generated, and for understand-
ing whether the measured TOC, atomic ratios, and 
hydrogen index correctly refl ect the original generative 
potential. The organic carbon and pyrolyzable hydro-
carbon content of high thermal maturity source rocks is 
reduced compared to their original (pre-maturation) val-
ues, much of it having already been spent in generating 
hydrocarbons. Therefore, at advanced maturity levels, 
even good source rocks will yield analytical results 
similar to poor or non-source samples. 

Thermal maturity can be quantifi ed in various ways. 
Rock-Eval yields a general maturity parameter Tmax, 
the temperature (°C) at which the maximum release 
of pyrolyzable hydrocarbon (S2 peak) occurs during 
pyrolysis. More robust thermal maturity measurements 
can be derived from careful microscopy techniques, 
including vitrinite refl ectance (Ro), thermal alteration 
index (TAI), and conodont alteration index (CAI). The 
vitrinite refl ectance scale is the most widely employed 
in petroleum maturation studies. It measures the percent-
age of light refl ected from vitrinite kerogen macerals. Ro 
values are typically reported as the mean value for the 
in-situ vitrinite population in a given sample (excluding 
depositionally reworked vitrinite and any evident sample 
contamination). In many cases, and for the purposes of 
this study, a mean Ro value of 0.6 percent is taken as 
an approximation for the onset of oil generation (for 
example, Peters and Cassa, 1994). Where greater preci-
sion is required, it is important to investigate reaction 
kinetics, which govern the transformation of kerogen 
to hydrocarbon in a given source rock, and varies as a 
function of lithology and kerogen composition.
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STRATIGRAPHIC OVERVIEW OF 
TRIASSIC–JURASSIC SOURCE-ROCK 
SUCCESSION PUALE BAY

Lower Mesozoic units of the Chignik subterrane are 
well exposed at the entrance and northeast shore of Puale 
Bay (fi gs. 3–5). Previous work in this area has yielded 
varied lithologic descriptions, and there are signifi cant 
differences of opinion regarding the position and nature 
of formation contacts (for example, Hanson, 1957; Wang 
and others, 1988; Detterman and others, 1996; Wilson 
and others, 1999; Blodgett and Sralla, 2008). Detterman 
and others (1983, 1987, and 1996) were the fi rst to extend 
the geographic range of the Upper Triassic Kamishak and 
Lower Jurassic Talkeetna formations from Cook Inlet 
to Puale Bay, and established a local reference section 
of the Lower and Middle Jurassic Kialagvik Formation 

there in recognition of important differences relative to 
the unit’s type section at Wide Bay. These formations are 
locally faulted and gently folded, but most beds strike 
northeast and dip 15–30° to the northwest. 

Kamishak Formation. Wang and others (1988) 
described an approximately 700-m-thick succession at 
Puale Bay, consisting in ascending order of coral biomi-
crite, carbonate conglomerate, bedded spicular chert, and 
volcanic breccia. Most of this section is now assigned 
to the Upper Triassic Kamishak Formation, but the up-
per part may extend into the Lower Jurassic Talkeetna 
Formation as mapped by Detterman and others (1987). 
Detterman and others (1996) measured 800 m (2,625 ft) 
of Kamishak Formation in the same exposures. They 
described the bulk of the formation above the corralline 
bioclastic facies as consisting of thin- to medium-bed-
ded gray limestones, with no mention of bedded chert. 

Figure 4. Outcrop photographs of the Upper Triassic Kamishak Formation limestone near the entrance of Puale Bay. (a) View 
to west of lower part of formation on south-facing shoreline west of Cape Kekurnoi and east entrance to Puale Bay. (b) 
Angular unconformity 2.2 km west of Cape Kekurnoi; basal Kamishak overlies volcanic breccia of probable Permian age 
(see text for discussion). (c) Thinly laminated to medium-bedded fi nely crystalline limestone from lower Kamishak For-
mation. Sample 07PD198a, collected in the subfi ssile, laminated bed indicated by arrow, is an excellent oil-prone source 
rock (TOC = 5.28%, HI = 756 mg/g). (d) Thick-bedded bioclastic limestone facies is represented by poor to non-source 
lithologies, and is of more interest as potential reservoir facies.
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Observations recorded by DGGS and DOG geologists 
are more consistent with those of Blodgett and Sralla 
(2008), who describe much of the formation at Puale 
Bay as consisting of “thinly-bedded, dark brown to gray, 
argillaceous limestone and silty, calcareous shale.” 

Wang and others (1988) considered the base of the 
Triassic section to be truncated by faulting within the 
coral facies. Hanson (1957), Blodgett and Sralla (2008), 
and Blodgett (this volume) placed the base of the Trias-
sic section farther east at an angular unconformity (fi g. 
4b). Blodgett and Sralla (2008) considered volcanic 
agglomerates immediately beneath the unconformity 
to be of probable Permian age due to their lithologic 
similarity to volcanic breccias that are apparently in-
terbedded with Middle Permian limestones (Hanson, 

1957) on small islands near the entrance to Puale Bay. 
Detterman and others (1987; 1996, fi g. 6) and Wilson 
and others (1999) considered the volcanic breccias to be 
part of the Triassic section, and extended the outcrop belt 
of lower Kamishak Formation still farther east to Cape 
Kekurnoi (fi g. 3). To the northwest, the gradational up-
per contact of the Kamishak with the overlying Lower 
Jurassic volcanic and volcaniclastic deposits mapped 
as Talkeetna Formation (Detterman and others, 1987; 
1996; Wilson and others, 1999) has been placed where 
clastic sediments become predominant over limestone 
(Detterman and others, 1996). 

During the 2007 DGGS fi eld program, Whalen and 
Beatty (this volume) and Blodgett (this volume) made 
detailed measurements and reinterpretations of parts of 

Figure 5. Outcrop photographs of the mainly Middle Jurassic Kialagvik Formation sandstones and siltstones on the northeast 
shore of Puale Bay. (a) Much of the lower portion of the Kialagvik is rhythmically bedded, dark gray fi ssile siltstone. 
Quaternary unconformity (dashed line) is overlain by unconsolidated deposits (Q). (b) Generally upward-coarsening 
and upward-thickening succession from the middle to upper Kialagvik Formation. The fi nest-grained intervals consist of 
rhythmically bedded blocky siltstone and fi ne sandstone. (c) Twelve source rock samples (07RR027–038) were collected 
from reddish-brown weathering siliceous siltstone and sandstone interpreted here as uppermost Kialagvik (Jk) just below 
the contact with the overlying Shelikof Formation (Js) at the base of the cliff-forming light gray sandstone (dashed line). 
(d) Laminated to medium-bedded sandstones from the upper part of the section shown in photograph b contain abundant 
carbonaceous laminae and thin, commonly deformed coal lenses in addition to common carbonate concretions. Deposition 
of the middle to upper Kialagvik Formation in this area likely occurred near a deltaic sediment source, possibly under 
marginal marine conditions.
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the Kamishak Formation interval described by Wang 
and others (1988) and Detterman and others (1996). The 
source-rock samples discussed in this report include a 
number collected in these re-described intervals, but 
also represent other parts of the formation, including 
the lowermost Kamishak section farther east near the 
purported basal unconformity recognized by Hanson 
(1957) and Blodgett and Sralla (2008). The overly-
ing Talkeetna-equivalent section was not sampled for 
source-rock evaluation.

Kialagvik Formation. Containing megafauna rang-
ing from late Toarcian to Callovian age (Imlay, 1984; 
Detterman and others, 1996), the Kialagvik Formation is 
largely time-equivalent to the Middle Jurassic Tuxedni 
Group, the source rock for most of the oils in upper Cook 
Inlet (Magoon and Anders, 1992). Detterman and others 
(1996) described the 790-m-thick Kialagvik section at 
Puale Bay as dominated by rhythmically interbedded 
siltstone and sandstone of deepwater affi nity, with local 
intervals of massive, disorganized conglomerate. They 

Figure 6. Cross-plot of Rock-Eval Tmax vs. mean Ro for Kamishak and Kialagvik Formation source rock samples from Puale 
Bay outcrops. In general, these thermal maturity parameters would be expected to show a reasonably strong positive cor-
relation. However, the low correlation coeffi cient for the Kamishak regression (R2 = 0.0126) indicates a weak correlation, 
and the negative slope of the Kialagvik regression line suggests an unlikely inverse correlation. This suggests the Tmax data 
should not be relied on to defi ne the thermal maturity of individual samples. Considered as a group, and ignoring outliers, 
the Tmax data correctly describe the Puale Bay source rocks as mostly immature to early oil window maturity. 
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noted the lithologic similarity of this section to the upper 
part of the unit’s principal reference section at Wide Bay. 
In contrast, the lower part of the Wide Bay section con-
sists of nearshore marine deposits. Signifi cant lithology 
changes occur within short distances in the Kialagvik 
Formation, and fossils are required to make robust cor-
relations (Imlay, 1984). The Puale Bay exposures are 
poorly fossiliferous relative to other exposures, leading 
to a lack of confi dent correlations between the Wide Bay 
and Puale Bay exposures, and with the section penetrated 
in the Bear Creek #1 well between the two outcrop areas 
(Detterman and others, 1996). 

At Puale Bay, the contact with the underlying Tal-
keetna Formation is a conglomerate-mantled erosional 
unconformity. Detterman and others (1996) considered 
the contact with the overlying Shelikof Formation to be 
conformable at Puale Bay but unconformable at Wide 
Bay. This upper contact has been revised repeatedly, 
most recently by Allaway and others (1984). The forma-
tion is locally transected by subvertical dikes, and cut 
by steep faults with various amounts of displacement. 
Truncation surfaces, channel profi les, and clinoforms or 
lateral accretion surfaces in the rhythmically interbedded 
siltstones and sandstones above the massive conglomer-
ates in the lower to middle part of the formation suggest 
complex deepwater depositional patterns, possibly ac-
companied by local slumping.

Cursory observations during geochemical sampling 
suggest that, with the exception of local conglomeratic 
packages, lithologies of the Kialagvik Formation at Puale 
Bay may refl ect a general upward gradation to more 
proximal, probably shallower water deposition (fi g. 5). 
The dark gray, fi ssile siltstones of the lower portion 
transition upward to medium to light gray, blocky silt-
stones and interbedded sandstones of the middle portion, 
where some beds contain deformed lenses of coal 0–3 
cm thick. Continuing upsection, this interval becomes 
increasingly lighter gray with thicker carbonaceous to 
coaly sandstone beds. The upper part of the formation 
consists of reddish-gray to reddish-brown weather-
ing, siliceous siltstone and sandstone that form steep, 
south-facing slopes on the northeast side of Puale Bay. 
It is unclear to this author whether the Kialagvik–She-
likof contact as mapped there by Detterman and others 
(1987) and Wilson and others (1999) is consistent with 
the redefi nition of the contact by Allaway and others 
(1984) or the lithologic descriptions of this stratigraphic 
interval by Detterman and others (1996). Twelve samples 
assigned in this report to the uppermost Kialagvik For-
mation (07RR027a through 07RR038a) were collected 
in the thick, red-weathering, silicifi ed interval at the 
northwestern end of the sampling traverse (fi g. 5a). This 
interval was mapped by Detterman and others (1987) as 
the lowermost portion of the Shelikof Formation.

STRATIGRAPHIC OVERVIEW OF 
CENOZOIC FORMATIONS, NAS 
COST #1 WELL

Drilled in 1982–83 to a total depth of 5,229 m 
(17,155 ft), the North Aleutian Shelf COST #1 well pen-
etrated clastic strata of Eocene through Pleistocene age 
in the North Aleutian back-arc basin without reaching 
lithologic or acoustic basement (Turner and others, 1988; 
Mickey and others, 2005). Composed of sandstone, 
conglomerate, siltstone, mudstone, and coal, the well’s 
nonmarine to shallow marine succession was initially 
divided into fi ve major seismic sequences (I–V) and sub-
divided into 11 zones defi ned by lithologic, depositional, 
diagenetic, seismic, and petrophysical characteristics 
(Turner and others, 1988). More recent studies have as-
signed formation names to the well (Finzel and others, 
2005; Sherwood and others, 2006; Decker and others, 
2006). Three of the interpretive formation tops used in 
this report correspond to sequence-bounding seismic 
horizons defi ned by Turner and others (1988). In the 
absence of condensed marine shales or carbonates, the 
lithologies of greatest interest as potential source rocks 
include coals, carbonaceous mudstones, and siltstones.

Tolstoi Formation. The interval from 3,164 m 
(10,380 ft) to the base of the well at 5,229 m (17,155 ft) 
measured depth in the NAS COST #1 well corresponds 
to seismic sequence V of Turner and others (1988). 
This interval is considered to be entirely Eocene in age 
(Mickey and others, 2005) and is assigned to the Tolstoi 
Formation (Sherwood and others, 2006). This thickness 
of more than 2,000 m (nearly 6,800 ft) represents only 
a partial penetration of the formation. Older strata are 
present in the 1,355-m-thick reference section at Ivanof 
Bay on the Alaska Peninsula, where the Tolstoi includes 
a rainforest megafl ora assemblage of Late Paleocene age 
(Detterman and others, 1996). Interpretation of publicly 
available seismic data (Turner and others, 1988; Finzel 
and others, 2005; Sherwood and others, 2006) indicates 
the COST well penetrated one of several grabens that 
accommodated or preserved the early basin-fi lling se-
quence. In outcrop, the Tolstoi Formation varies from 
dominantly shallow marine strata at its type section on 
Pavlof Bay to progressively more nonmarine environ-
ments toward the northeast near Chignik Bay. In the well, 
most of the formation consists of nonmarine volcanicla-
stic sandstone, conglomerate, siltstone, carbonaceous 
mudstone, and abundant coal, with transitional marine 
deposits restricted to approximately the upper hundred 
meters (Turner and others, 1988). The base and top of 
the formation are unconformable onshore (Detterman 
and others, 1996), and probably also offshore (Worrall, 
1991). Two abrupt lithologic breaks are present in the 
lower part of the Tolstoi interval drilled in the COST well 
(seismic horizons E and F). Turner and others (1988) 
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interpreted these surfaces as possible unconformities, 
presumably generated by drops in relative sea level 
associated with the basin’s early faulting history. Sher-
wood and others (2006) have reinterpreted at least one 
of these breaks as a fault with signifi cant stratigraphic 
separation. 

Stepovak, Bear Lake, and Milky River Formations. 
The Late Eocene through Pliocene interval of the NAS 
COST #1 well records an overall trend toward increas-
ingly marine conditions (Turner and others, 1988, fi g. 
90). The Eocene to Oligocene Stepovak Formation is 
here assigned to the interval from 1,730 to 3,164 m 
(5,675 to 10,380 ft) measured depth, corresponding to 
seismic sequences III and IV of Turner and others (1988). 
Their seismic sequence II between 765 and 1,730 m 
(2,510 and 5,675 ft) measured depth, which probably 
spans late Oligocene to late Miocene time (Turner and 
others, 1988; Mickey and others, 2005), is interpreted 
as a relatively continuous offshore depositional record 
of the depositional cycles represented onshore by the 
Unga sandstone and Bear Lake Formation. 

Nonmarine fl uvial–deltaic sandstone, conglomerate, 
fi ner clastics, and coals dominate the lower part of the 
Stepovak Formation (seismic sequence IV), whereas 
microfossil assemblages (Turner and others, 1988) indi-
cate that the upper Stepovak (seismic sequence III) was 
deposited in inner to middle shelf environments. These 
conditions continued during deposition of the lower part 
of the Bear Lake–Unga cycle before yielding to marginal 
marine intertonguing of diatomaceous marine strata and 
lignite-bearing nonmarine to delta-plain environments 
during deposition of the upper Bear Lake Formation. 

The unconformity separating the Bear Lake and 
Milky River formations shows only subtle discordance 
in seismic data within the backarc basin (Finzel and oth-
ers, 2005, fi g. 4.7), but it becomes profoundly angular 
in the outcrop belt northeast of Port Moller (Decker and 
others, 2005). Microfossils from the Pliocene Milky 
River Formation in the COST well (interpreted here as 
the interval between 476 and 765 m (1,563 and 2,510 
ft) measured depth are interpreted to refl ect cold water 
conditions with slight deepening from the middle to the 
outer shelf (Turner and others, 1988). Unconsolidated 
Quaternary glaciomarine deposits constitute the section 
above 476 m (1,563 ft) measured depth (Turner and oth-
ers, 1988; Mickey and others, 2005).

MESOZOIC SOURCE-ROCK 
CHARACTERISTICS

DGGS and DOG geologists collected 38 samples 
from the Kamishak Formation and 39 samples from 
the Kialagvik Formation for source-rock evaluation at 
Puale Bay during 2004, 2005, and 2007 (fi g. 3). TOC, 
Rock-Eval, mean vitrinite refl ectance, and kerogen 

composition data from these samples are presented in 
table 1. This sample suite represents various lithologies 
from the lower, middle, and upper parts of each unit, 
but time constraints prohibited achieving a uniform 
stratigraphic sample distribution in either formation. 
Most samples are not precisely positioned relative 
to the measured sections of Whalen and Beatty (this 
volume), Wang and others (1988), or Detterman and 
others (1996). 

Thermal maturity. In mapping patterns of thermal 
maturity on the Alaska Peninsula, Molenaar (1996) 
lacked outcrop vitrinite refl ectance data from the Puale 
Bay–Wide Bay area. He described the Middle Jurassic 
rocks in the area as undermature (Ro<0.6 percent) based 
on refl ectance data from the nearby Bear Creek 1 and 
Wide Bay 1 wells, and the Upper Triassic outcrop sec-
tion as immature to barely mature based on Rock-Eval 
Tmax data (Magoon and Anders, 1992; Wang and others, 
1988). Table 1 presents new outcrop vitrinite refl ectance 
results from the Kamishak Formation (23 samples) and 
the Kialagvik Formation (28 samples) at Puale Bay. 
These samples yield mean Ro values ranging from 0.43 
to 0.86 percent (averaging 0.60 percent) in the Kamishak 
and from 0.44 to 0.71 percent (averaging 0.54 percent) 
in the Kialagvik. This confi rms the interpretations of 
previous workers that overall, the Puale Bay section is 
at immature to early oil window thermal maturity lev-
els. Given this low thermal maturity, the Kamishak and 
Kialagvik formations’ source characteristics revealed by 
TOC and Rock-Eval analyses are believed to approxi-
mate their original generative potential, little biased by 
loss of organic carbon and hydrogen content that would 
accompany greater maturation.

Figure 6 is a cross-plot of Tmax versus mean Ro for 
all Kamishak and Kialagvik Formation samples col-
lected in 2007. Note that despite the normally strong 
positive correlation between these pyrolysis-based and 
microscopy-based maturity measures (for example, 
Peters, 1986; Peters and Cassa, 1994), the regression 
line for the Kamishak data has a very low correlation 
coeffi cient, and the Kialagvik regression actually has a 
negative slope, implying an unlikely inverse correlation. 
As noted by Peters (1986), Tmax is a crude and often un-
reliable indicator of the thermal maturity of individual 
samples. In this case, the poor correlation between Tmax 
and mean Ro is driven mainly by high and low outliers 
in the Tmax data. Even so, the Tmax data as a whole aptly 
characterize the overall population as mainly immature 
to early oil window maturity.

Molenaar (1996) observed that, despite paleo-burial 
to depths estimated in excess of 4,000 m, the Triassic–Ju-
rassic section at Puale Bay remains only early mature. 
He concluded that the geothermal gradient during Late 
Cretaceous–Paleogene maximum burial must have been 
signifi cantly lower than the present-day geothermal 
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Figure 7. Modified van Krevelen 
diagram, showing kerogen type 
determination from Rock-Eval py-
rolysis data. See text for caveats of 
typing kerogens from coaly strata 
using this approach.

gradient defi ned by wells in the Ugashik sub-basin, 
where the 0.6 percent Ro isograd (approximating the top 
of the oil window) is reached at about 3,000 m.

Kerogen type and total organic carbon. Given the 
low thermal maturity of the Puale Bay outcrop samples, 
a modifi ed van Krevelen plot is useful for considering 
kerogen type (fi g. 7). More than half of the Kamishak 
samples plot near the highly oil-prone Type I and II 
kerogen curves, many of which yield hydrogen indices 
in the 700–800 mg/g range. Approximately 15 percent 
of the Kamishak samples appear to be oil- and gas-prone 
Type II–III kerogen mixtures, and about one-third appear 
to contain mostly gas-prone Type III kerogen, includ-
ing several highly oxidized samples (oxygen indices 
above 200 mg/g) that are off-scale, and not shown on 
the plot. 

Organic petrography analysis of 20 Kamishak For-
mation samples documents the relative abundance of 
oil-prone liptinite, gas-prone vitrinite, and inert kerogen 
types. Liptinitic kerogen is overwhelmingly dominant, 
averaging 85 percent of the organic matter, and repre-
senting 90–95 percent in approximately two-thirds of 
the samples analyzed (table 1). Vitrinite makes up an 
average of 8 percent and inert kerogen an average of 

7 percent. Samples from the coral-rich bioclastic facies 
contained the highest proportions of vitrinite (up to 
25 percent), and inert kerogen (up to 30 percent) and 
the lowest proportion of liptinite (55–65 percent). These 
results are broadly consistent with the pyrolysis-based 
kerogen determinations for the Kamishak illustrated 
by fi gure 7.

Kialagvik Formation pyrolysis data (fi g. 7) suggest 
that its overall kerogen composition is only slightly less 
oil-prone than that of the Kamishak. Nearly 30 percent 
of the Kialagvik samples plot near the Type I and II 
curves with HI values greater than 300 mg/g, reaching 
a maximum HI of 680 mg/g. More than one-third plot 
as Type II-III mixtures. The remaining one-third or so 
appear from fi gure 6 to consist of gas-prone Type III or 
inert Type IV kerogens.

Organic petrography analyses of 28 Kialagvik 
Formation samples indicate that, on average, liptinite 
constitutes 79 percent and vitrinite represents 19 percent 
of the organic matter, with the remaining 2 percent being 
inert kerogen (table 1). Liptinite makes up 90 percent 
or more of the kerogen in approximately two-thirds of 
the samples. Vitrinite constitutes 55–90 percent of the 
kerogen in one-fourth of the samples. These are siltstones 



24 RI 2008-1B Bristol Bay–Alaska Peninsula region, overview of 2004–2007 geologic research

Figure 8. Both the quantity and type of organic matter are readily apparent in a plot of hydrogen index (HI) versus total organic 
carbon (TOC). Samples are plotted on loosely defi ned fi elds that suggest expected hydrocarbon products and refl ect other 
characteristics such as kerogen type, lithology, depositional environment, and maturity. These fi elds are non-unique, and 
should be considered in light of other available information, particularly in the case of coals and other rocks containing 
coaly kerogens. 

and a thin coal from exposures near the middle of the 
formation. These Kialagvik organic petrography results 
are broadly consistent with the kerogen type determina-
tions inferred from the pyrolysis data. However, many 
of the samples with very high liptinite:vitrinite ratios 
do not have correspondingly high HI values associated 
with good Type I and II source rocks. 

Figure 8 is a graph of hydrogen index vs. total 
organic carbon, an effective means of screening source-
rock samples for both the quantity and type of organic 
matter present. The colored fi elds in the background 
are loosely defi ned and non-unique, but they suggest 
the hydrocarbon products that would be expected to 
generate from samples as they mature. They also refl ect 
a suite of interrelated characteristics including kerogen 
type, lithology, depositional environment, and thermal 
maturity. Both TOC and HI decrease with increasing 
maturity as described above, so the fi elds would not 
accurately refl ect the original characteristics of highly 

mature source rocks. The data show a strong correlation 
between TOC and HI, with samples richer in organic 
content appearing to consist of the more oil-prone kero-
gens. However, Langford and Blanc-Valleron (1990) 
cautioned that pyrolysis experiments systematically 
under-predict the S2 (and thus HI) values of low-TOC 
samples. This is due largely to matrix adsorption effects, 
discussed in the subsequent section. 

Considering the uncorrected pyrolysis results at face 
value, fully half of the Kamishak Formation limestones 
plot as good to excellent oil source rocks with TOC 
values in the 1–5 percent range and HI values greater 
than 300 mg/g. A few Kamishak samples fall in the 
lean oil or gas source categories, and about one-third 
contain less than 0.5 percent TOC, probably too lean to 
consider source-prone. These correspond to the one-third 
of samples that are typed as Type III kerogen from the 
modifi ed van Krevelen plot (fi g. 7), marked by low HI 
and elevated OI. 
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The silty mudstones of the Kialagvik Formation 
follow a trend similar to the Kamishak samples on the 
plot of HI vs. TOC (fi g. 8). More than one-third of the 
Kialagvik mudstones have good to excellent TOC values 
in the 1–4 percent range; most of these have HI values 
in the range associated with oil-prone Type II kerogen 
(300–650 mg/g). Nearly 15 percent of Kialagvik mud-
stones rank a step lower in terms of source-rock quality. 
With TOC values in the 0.8–2 percent range and HI 
values ranging from 200–300 mg/g, these samples would 
likely generate gas-oil mixtures. Almost 20 percent of 
the Kialagvik mudstones plot as lean to fair gas source 
rocks, and about 30 percent rank here as nonviable hy-
drocarbon sources. Nonviable source rocks may be too 
lean in organic matter, thermally overmature, contain 
too much inert kerogen, or have high matrix adsorption 
capacity. Two coaly Kialagvik samples are clearly dif-
ferentiated from the Kialagvik mudstones in fi gure 8 by 
their high TOC values (48 and 70 percent). Considering 
their moderate HI values (<215 mg/g) and high vitrinite 
content (90 percent in sample 07PD183B), the thin lenses 
of coal observed in outcrop in the middle part of the 
Kialagvik Formation are expected to contribute mainly 
dry gas. Because of their low OI values (<10 mg/g), 
these coals plot misleadingly in the lower-left part of the 
modifi ed van Krevelen diagram (fi g. 7), an area normally 
associated with high-maturity sources. This illustrates 
the point made by Peters (1986) that pyrolysis data often 
fail to characterize coaly sources correctly.

Average hydrogen index and hydrocarbon adsorp-
tion capacity. Figure 9 presents graphs of pyrolyzable 
hydrocarbon (S2) versus TOC, in which source-rock 
sample populations plot in distinct linear trends suited 
to regression analysis (Langford and Blanc-Valleron, 
1990). Figure 9a plots the entire data range for Mesozoic 
and Cenozoic samples, including coals and carbonaceous 
shales; fi gure 9b plots a more restricted data range 
(TOC<20 percent, S2<50 mg/g) necessary to resolve 
the bulk of the samples and to analyze the differences 
in their regression lines. 

The Kamishak regression line has the steepest slope, 
corresponding to a “true average” HI (in the sense 
of Langford and Blanc-Valleron; 1990) of 745 mg/g, 
suggesting a strong predominance of Type I kerogen 
in the formation. This is substantially higher than the 
arithmetic average of the individual HI values, which 
was calculated at 359 mg/g for the same population of 
samples. This is presumably because of the adsorption 
of much of the pyrolyzed hydrocarbon from low TOC 
samples. The regression for the Kialagvik mudstones has 
a slightly lower slope that indicates an average HI of 654 
mg/g. This falls near the Type I–II boundary, and is also 
much higher than the corresponding arithmetic mean 
HI of 235 mg/g. The y-intercepts of these regressions 
indicate the Kamishak limestones have an adsorptive 
capacity of 2.663 mg of pyrolyzable hydrocarbon per 

gram of source rock, compared to 3.145 mg/g for the 
Kialagvik mudstones, consistent with the observation of 
Langford and Blanc-Valleron (1990) that clay matrix is 
more adsorptive than carbonate matrix. 

Mesozoic source facies summary and stratigraphic 
relationships. Figure 10 summarizes TOC, HI, and mean 
Ro variations in the stratigraphic succession at Puale Bay. 
Because the samples are not tied to a complete measured 
section, these three parameters are plotted here as a 
function of longitude. This serves as a proxy for relative 
stratigraphic position, since the samples are from a gen-
erally northwest-dipping succession. Sampling gaps are 
clearly evident in this plot, as they are on the map (fi g. 3), 
particularly in the Kamishak Formation. Although the 
data are not uniformly distributed, the Kamishak data 
reveal multiple, high-frequency fl uctuations in source-
rock richness and apparent kerogen type. 

The highest-quality source rocks from the Kamishak 
Formation represent a range of limestone lithologies. 
They were described in outcrop as light to medium 
gray or tan weathering, medium to dark gray, brown, 
or black fresh, micritic to fi nely crystalline, subfi ssile 
to blocky, planar- and ripple-laminated to medium bed-
ded, argillaceous, fossiliferous to coquinoid limestone, 
typically with fetid odor. The bioclastic and adjacent 
knobby-weathering, nodular limestone facies include 
marginally gas-prone to non-source lithologies. The new 
organic carbon content and pyrolysis data from the Ka-
mishak Formation agree relatively well with the results 
from 41 samples analyzed by Wang and others (1988, 
fi g. 4). That paper does not present tabular data, but 
graphs indicate that approximately half of the samples 
from that study exceeded 1 percent TOC, and at least 
80 percent of the samples were identifi ed as consisting 
of Type I or II kerogen. 

The Kialagvik TOC and HI data suggest a more 
systematic trend of upward-decreasing source-rock 
quality, with rich oil-prone facies (fi ssile, dark gray silt-
stones) in the lower part of the unit giving way to leaner 
gas-prone facies (blocky medium gray siltstones) in 
the middle, and highly variable oxidized and silicifi ed 
lithologies at the top dominated by non-source and gas-
prone samples. Liptinitic kerogen makes up 90 percent 
or more of the organic matter in all nine of the samples 
analyzed by organic petrography from the lower part 
of the formation, whereas vitrinite accounts for 55–90 
percent of the kerogen from the seven samples analyzed 
near the middle part of the formation. This pattern is 
consistent with the possible upward-coarsening and/or 
shoaling trend noted in observations of the Kialagvik 
Formation at this locality. Interestingly, liptinite is the 
dominant kerogen type in the uppermost part of the 
formation, but the source-rock quality of this interval 
appears limited due to low total organic content, high 
adsorptive capacity, perhaps compounded by diagenetic 
alteration. 
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Figure 9. Graphs of hydrolyzed hydrocarbon (S2) versus total organic carbon (TOC), following the analytical logic of Lang-
ford and Blanc-Valleron (1990). Stratigraphic order in legend is inverted to maximize visibility of all data series on plot. 
(a) Full data range, including coals and highly carbonaceous mudstones. See text for discussion of interpretations of 
regression through Bear Lake outcrop coals. (b) Restricted data range, for resolution of populations with TOC < 20% and 
S2 < 50 mg/g. Linear regression equations determine true average HI (slope x 100) and hydrocarbon adsorptive capacity 
(y-intercept) of each sample population. Type I–II boundary shown corresponds to HI = 650 (slope = 6.5), a compromise 
between the boundary values suggested by Langford and Blanc-Valleron (1990) and Peters and Cassa (1994). 
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Figure 10. TOC, HI, and mean Ro of Kamishak and Kialagvik Formation samples from Puale Bay. Samples are plotted as a 
function of longitude, a proxy for relative stratigraphic position since these samples are from a generally northwest-dipping 
succession. The relationship to stratigraphic thickness is variable, depending on local fl uctuations in dip magnitude and 
direction. Detterman and others (1996) report a 404-m-thick section of Lower Jurassic Talkeetna Formation strata between 
the Kamishak and Kialagvik Formations at this location. Dashed black curves are highly smoothed, visually-fi t trends 
through the TOC and HI data, refl ecting relatively high-frequency fl uctuations in organic richness and apparent kerogen 
type throughout Kamishak deposition, versus a more systematic upward trend of decreasing source rock quality in the 
Kialagvik Formation. Vitrinite refl ectance values average 0.60 in the Kamishak Formation and 0.54 in the Kialagvik For-
mation. These marginal maturity values indicate that the TOC and HI data approximate the original generative potential, 
with little bias attributable to transformation of organic matter to hydrocarbon.

CENOZOIC SOURCE-ROCK 
CHARACTERISTICS

Most of the Tertiary samples considered here are 
from the NAS COST #1 well, where more than 420 TOC 
and Rock-Eval analyses and 120 elemental analyses 
(Sherwood and others, 2006, Appendix 2) represent the 
Tolstoi, Stepovak, Bear Lake (including the possible 
Unga-equivalent interval), and Milky River Formations. 
Previous analyses of the well data (Dow, 1983; Turner 
and others, 1988; Sherwood and others, 2006) have 
reached many of the same conclusions supported by this 
report, clearly demonstrating the Tertiary section of the 
North Aleutian basin to be predominantly gas-prone. 
Nonetheless, many of these well data are presented 

here to facilitate direct comparison with the data from 
the Mesozoic outcrops at Puale Bay. Results from 12 
additional Bear Lake Formation outcrop samples col-
lected by DGGS geologists during 2004 and 2005, nine 
of which are coals with more than 50 percent TOC, are 
plotted as a discrete data series on the graphs of fi gures 
7–9, distinct from the Bear Lake samples from the well. 
Populations of outcrop samples collected by DGGS 
workers from other Tertiary units are probably too small 
to stand alone as the basis of meaningful observations, 
and are omitted from this discussion in favor of exam-
ining the larger datasets available from the well. As in 
the preceding section, thermal maturity is considered 
fi rst because of its impact on the interpretation of other 
source characteristics.
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Thermal maturity. Figure 11 is a plot of vitrinite 
refl ectance vs. depth from the NAS COST #1 well, show-
ing a well-defi ned linear maturity gradient. A signifi cant 
offset in the profi le at 761 m (15,620 ft) measured depth 
in the Tolstoi Formation is attributable either to erosion at 
an intra-formational unconformity or omission of section 
by normal faulting (Sherwood and others, 2006, fi g. 17). 
Based on this gradient, the main oil generation window 
(0.6 to 1.35 percent Ro) extends from approximately 
-3,750 m (-12,300 ft) subsea (~3,780 m/~12,400 ft mea-
sured depth) to about -5,640 m (-18,500 ft) subsea, below 
the well’s total depth. Thus, while much of the Tolstoi 
Formation is mature for hydrocarbon generation at this 
location, the overlying Stepovak, Bear Lake, and Milky 
River Formations are all thermally immature. Only the 
deeper parts of the Tolstoi Formation may have originally 
had signifi cantly more organic carbon and hydrogen 
content (more oil-generating potential) than their TOC 
and Rock-Eval measurements described below would 
indicate. Substantial gas generation is expected to have 
occurred from carbonaceous and coaly source intervals 
that are at oil window or greater maturity in the middle 
and lower portions of the Tolstoi Formation (Boreham 
and Powell, 1993; Sherwood and others, 2006). Ongo-
ing dry gas generation is expected within the lowest 
part of the sedimentary section in this graben. Burial 
history modeling (Sherwood and others, 2006, fi g. 30) 
estimates that Tolstoi strata at the fl oor of the graben 
entered the main oil window during latest Eocene or 

Figure 11. Vitrinite refl ectance profi le for NAS COST 1 well from Sherwood and others, 2006.

earliest Oligocene time (~34 Ma), and passed into the 
main gas generation window during latest Oligocene 
time (~24 Ma). 

Sherwood and others (2006) described complica-
tions in defi ning a single geothermal gradient that is 
appropriate for the entire NAS COST #1 well. Their 
burial history modeling suggested a geothermal gradi-
ent of 30.4 to 31.0°C/km (1.67 to 1.7°F/1,000 ft) for the 
interval below ~1,500 m (4,900 ft) measured depth. This 
is virtually identical to the 31°C/km gradient calculated 
for the well as a whole by Turner and others (1988) and 
Bergman, Murphy, and Kelley (this volume). Molenaar 
(1996) derived somewhat higher present-day geothermal 
gradients from onshore wells, averaging 34.6°C/km near 
the edge of the backarc basin onshore in the Bristol Bay 
Lowlands, and averaging 36.5°C/km in the volcanic 
arc and outcrop belt. Seismic, biostratigraphic, and 
fi ssion-track data (Turner and others, 1988; Sherwood 
and others, 2006; Bergman, Murphy, and Kelley, this 
volume) support the interpretation that the backarc basin, 
and in particular the graben drilled by the COST well, 
has experienced a simple subsidence history, reaching 
maximum temperatures in the recent past.  

Kerogen type and total organic carbon. Taken at 
face value without regard to the previously discussed 
caveats about using pyrolysis techniques for kerogen 
characterization in coaly organic matter, the modifi ed 
van Krevelen plot (fi g. 7) would suggest that the Ceno-
zoic samples include a wide range of kerogen macerals, 
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including inert (Type IV), gas-prone (Type III), and pos-
sibly liquid-prone (Type I–II and II–III) forms. Given the 
shallow marine to nonmarine depositional setting in the 
North Aleutian basin, it is not surprising that many of the 
well samples, including nearly all from the Stepovak, 
Bear Lake, and Milky River Formations appear to consist 
mostly of gas-prone or inert kerogens. However, there 
is a large number of Tolstoi Formation samples and a 
small group of coals from the Bear Lake outcrop belt 
that have elevated HI values (>200 mg/g) and low OI 
values (<25 mg/g). These merit further discussion as to 
whether they should be considered potential liquid-prone 
source rocks, particularly those with HI in excess of 300 
mg/g. Most of the Tolstoi samples with HI values above 
200 mg/g are from between 3,660 and 4,785 m (12,000 
and 15,700 ft) measured depth (Sherwood and others, 
2006, fi g. 21). 

Kerogen typing from organic microscopy in the 
NAS COST #1 well (Turner and others, 1988, fi g. 93) 
indicates that much of the Tolstoi interval with HI in 
excess of 200 mg/g also contains 15–25 percent liptinitic 
kerogen as a mix of amorphous (Type I algal, sapro-
pelic or structureless) and exinite (Type I–II structured 
herbaceous, lipid-rich) macerals. Atomic ratio data are 
also available for a subset of the samples from the well 
(Dow, 1983; Sherwood and others, 2006). Most of the 
samples with HI values greater than 200 mg/g that were 
also analyzed for elemental composition have H/C ratios 
between 0.8 and 1.0. Considered together, their HI, pe-
trographic characteristics, and elemental compositions 
place these Tolstoi samples in the marginal range for 
oil expulsion (Hunt, 1991; Powell and Boreham, 1994; 
Peters and Cassa, 1994), albeit near the Type III curve 
on a true van Krevelen diagram (Sherwood and others, 
2006, fi g. 22). 

The HI vs. TOC plot (fi g. 8) suggests correctly that 
the Tertiary succession consists of a mix of lithologies, 
including non-source sandstones and siltstones as well 
as source-prone mudstones, carbonaceous shales (~6–50 
percent TOC), and true coals (>50 percent TOC). There 
is signifi cant overlap between samples of the Stepovak, 
Bear Lake, and Milky River Formations. Above about 1 
percent TOC, most Tolstoi samples defi ne a substantially 
higher HI trend than the younger formations (fi g. 9b). 
All but a few of the Tertiary samples with HI>200 mg/g 
also have TOC values above 3–4 percent; those with HI 
ranging 300 to 400 mg/g are mostly carbonaceous shales 
of the Tolstoi Formation and a few of the coals from the 
Bear Lake outcrop belt. Several Tolstoi samples have 
HI greater than 450 mg/g paired with widely scattered 
TOC values; a few with TOC elevated above 4 percent 
could potentially represent either restricted marine or 
lacustrine shales (fi g. 8). The high HI values of those 
with low TOC values may result from spuriously low 
TOC measurements, since HI is defi ned by the S2/TOC 

ratio. These exceptions and caveats notwithstanding, the 
distinctly higher HI vs. TOC trend of the main Tolstoi 
population relative to most samples from the other Ter-
tiary formations is noteworthy.

Average hydrogen index and hydrocarbon adsorp-
tion capacity. S2 vs. TOC regression lines for the Tolstoi, 
Stepovak, and Bear Lake sample populations from the 
NAS COST #1 well are shown on the graph of fi gure 
9b. The smaller Milky River population, besides being 
statistically less robust, is of little consequence as a 
potential thermogenic or biogenic source in the North 
Aleutian basin (shallow burial, organically lean), and 
is not subjected to regression analysis. The small group 
of true coals from outcrops of the Bear Lake Formation 
is analyzed independently (non-coal outcrop samples 
excluded) in fi gure 9a. 

The Tertiary sample populations cluster into rela-
tively distinct trends in these S2 vs. TOC cross plot of 
fi gure 9b. The Tolstoi regression has the steepest slope, 
equating to a true average HI of 319 mg/g, consistent 
with a substantial Type II kerogen content. A single 
sidewall core sample from the lower part of the Stepovak 
Formation at 2,534 m (8,314 ft) measured depth plots as 
an outlier near the center of fi gure 9a (TOC=49.5 percent, 
S2=181 mg/g). This sample is excluded from the Stepo-
vak regression, since it is for all practical purposes a coal, 
whereas the other samples represent a range of muddy to 
sandy clastic lithologies. The resulting regression reveals 
that non-coal sources of the Stepovak Formation have a 
true average HI of 167 mg/g. The non-coal population 
from the Bear Lake interval in the COST well has a still 
lower slope, representing a true average HI of 123 mg/g. 
Both of these are below the 200 mg/g HI boundary sug-
gested as an approximate upper limit for gas-prone Type 
III kerogen (Langford and Blanc-Valleron, 1990; Peters 
and Cassa, 1994). 

The regression-based true average HI values suggest 
that the Stepovak and Bear Lake formations would be 
expected to generate only dry gas, but the Tolstoi Forma-
tion could potentially generate light hydrocarbon liquids 
in addition to gas. Coals and coaly organic matter are 
now well accepted as the source of oil accumulations 
in Australia, Indonesia, and other areas (Clayton, 1993; 
Powell and Boreham, 1994; Fleet and Scott, 1994; 
Peters and Cassa, 1994). Multiple lines of geochemi-
cal evidence demonstrate that coals from the Eocene 
Kulthieth Formation may source some of the natural 
oil seeps in the Gulf of Alaska region (Van Kooten and 
others, 2002). 

The limiting factor in the effectiveness of coaly strata 
as oil source rocks is commonly their low expulsion 
effi ciency (Fleet and Scott, 1994), largely a function of 
high hydrocarbon adsorption capacity. As an illustration, 
consider the regression through the small dataset of coals 
from Bear Lake Formation outcrops (fi g. 9a). Although 
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the steep slope of the regression indicates that these coals 
have a high average HI (594 mg/g) consistent with the 
potential for generating liquid petroleum, the regression 
line is shifted far to the right, with a large negative y-in-
tercept. The adsorptive capacity of the Bear Lake outcrop 
coals is 222 mg of hydrocarbon per gram of source rock, 
nearly two orders of magnitude higher than that of the 
Kamishak carbonates, meaning that relatively little of 
the hydrocarbon generated would be expelled. 

Cenozoic source facies summary. Taken together, 
the TOC, Rock-Eval pyrolysis data, organic microscopy, 
atomic ratio, and thermal maturity data from the NAS 
COST #1 well indicate that the Tertiary succession of 
the North Aleutian basin contains abundant gas-prone 
source facies in the Tolstoi, Stepovak, and Bear Lake 
Formations. However, only the deeper portions of the 
basin below about -3,750 m (-12,300 ft) subsea are 
expected to have experienced signifi cant thermogenic 
generation. Some coaly siltstones, carbonaceous mud-
stones, and shales of the Tolstoi Formation penetrated 
in the well between 3,660 and 4,785 m (12,000–15,700 
ft) measured depth may meet the criteria (Hunt, 1991; 
Powell and Boreham, 1994; Peters and Cassa, 1994) 
for coaly sources that are at least marginally capable of 
generating and expelling light hydrocarbon liquids. This 
is in keeping with the fi ndings of Sherwood and others 
(2006) that the minor oil shows from the lower part of 
the NAS COST #1 well yield carbon isotope values, 
pristane/phytane ratios, and biomarker signatures tying 
them to Tertiary terrigenous source facies rather than the 
marine source rocks of the Jurassic and Triassic units.

DISCUSSION AND CONCLUSIONS
Despite major lithologic contrasts between the car-

bonate-dominated Triassic Kamishak Formation and 
the siliciclastic mudstones, siltstones, and sandstones 
of the Jurassic Kialagvik Formation, Rock-Eval, TOC, 
and kerogen petrography analyses indicate that both 
units contain highly oil-prone source facies. True aver-
age hydrogen indices (HI) in the 650–750 mg/g range 
determined from S2-TOC regressions refl ect the strong 
predominance of Type I–II kerogen, consistent with 
liptinite contents averaging approximately 80 to 85 
percent in both units, despite the local occurrence of thin 
vitrinitic coals in the Kialagvik Formation. 

Although there is no evidence that these Mesozoic 
source rocks underlie substantial offshore portions of the 
North Aleutian basin, the outcrop distribution of Chignik 
subterrane units suggests they may locally source on-
shore and nearshore plays on acreage offered in Alaska 
Peninsula areawide lease sales. The importance of the 
Middle Jurassic Tuxedni Group (Kialagvik equivalent) 
as the source of commercial oil in upper Cook Inlet fi elds 
is well established from geochemical evidence (Magoon 

and Claypool, 1981; Magoon and Anders, 1990, 1992; 
Magoon, 1994), and Upper Triassic rocks (Kamishak 
equivalent) have been identifi ed as a co-source of oils 
in lower Cook Inlet (Magoon and Anders, 1990, 1992). 
Future outcrop study of these Mesozoic source rocks 
should strive to integrate pyrolysis data with measured 
section thicknesses in order to quantify source potential 
index (Demaison and Huizinga, 1994). This parameter 
is valuable in constraining basin models, as it repre-
sents the maximum quantity of hydrocarbons that can 
be generated per square meter of a source rock unit’s 
areal extent.

In contrast, the Cenozoic formations penetrated at the 
NAS COST #1 well are considerably more gas-prone, in 
keeping with the shallow marine to nonmarine deposi-
tional environment and corresponding predominance of 
terrestrially-derived coaly kerogen. Although interpreted 
as mostly nonmarine at this location, the Eocene Tolstoi 
Formation’s true average hydrogen index of 319 mg/g 
suggests that portions of its carbonaceous shale facies 
with elevated liptinitic kerogen content and H:C ratio 
may possess marginal capability to generate petroleum 
liquids in addition to natural gas. Because the middle 
and lower parts of the Tolstoi are thermally mature for 
hydrocarbon generation, their original TOC and HI 
values (and thus liquids-generation potential) would 
have been somewhat higher still. However, the high 
adsorptive capacity associated with coaly kerogens may 
have limited the unit’s expulsion effi ciency. A small 
population of Miocene Bear Lake Formation coals col-
lected in outcrop has a true average HI of nearly 600 
mg/g, but their adsorptive capacity is nearly two orders 
of magnitude higher than those of the other units. Any 
liquid hydrocarbons generated are unlikely to have 
migrated out of these Bear Lake coals. The Bear Lake 
Formation and Eocene–Oligocene Stepovak Formation 
shales and carbonaceous shales from the COST well 
nearly all appear capable of generating only dry gas upon 
thermogenic maturation. However, at least in the deep 
graben penetrated by the well, the zone of thermogenic 
generation potential lies entirely within and below the 
Tolstoi Formation.
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