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DISCOVERY OF A 35-METER-THICK, OIL-STAINED SANDSTONE INTERVAL  
IN OUTCROP OF THE TONNIE SILTSTONE MEMBER, CHINITNA FORMATION,  
LOWER COOK INLET, SOUTH-CENTRAL ALASKA

Trystan M. Herriott1 and Marwan A. Wartes1

INTRODUCTION
Recent field studies in the Iniskin–Tuxedni Bays area (fig. 1) were led by the Alaska Divi-

sion of Geological & Geophysical Surveys, aiming to further delineate the geologic framework and 
petroleum systems of Cook Inlet (see Gillis, 2013, 2014; LePain and others, 2013; Wartes, 2015; 
Herriott, 2016). This work is notably yielding insights regarding base-level cyclicity and timing 
for export of coarse sediment into the forearc basin, which bears on the distribution of potential 
Mesozoic-age hydrocarbon reservoirs in Cook Inlet (for example, Herriott and others, 2016, 2017a, 
2017b). During the course of these investigations several occurrences of oil-stained outcrops were 
discovered in Jurassic (Wartes and Herriott, 2014, 2015) and Cretaceous sandstones (LePain and 
others, 2012; Gillis, 2016), demonstrating that oil migrated into numerous Mesozoic units. Addi-
tionally, renewed industry interest in a Jurassic petroleum system on the Iniskin Peninsula builds 
on more than a century of exploration, and there are indications that modern exploration methods 
may reveal commercial oil accumulations in the area (Buthman, 2017).

During a geologic mapping traverse of summer 2017 we discovered an oil-stained sandstone 
interval in the Middle Jurassic Chinitna Formation southwest of Tuxedni Channel (fig. 1). This 
occurrence of hydrocarbons in the Tonnie Siltstone Member is remarkable for its local ubiquity: 
sandstone rubble and outcrops of the approximately 35-m-thick base-of-Tonnie sandstone succes-
sion across a lateral extent of at least 250 m are distinctly petroliferous. The scale of this exposure 
is at least two orders of magnitude greater in area than any of the previously discovered oil-stained 
outcrops in the Iniskin–Tuxedni Bays area (see references above). Furthermore, this apparently 
matrix-hosted oil is significant for an area where petroleum occurrences are commonly associated 
with fractures (Detterman and Hartsock, 1966; Wartes and Herriott, 2014), and commercial oil 
production in the basin is nearly entirely limited to the overlying Cenozoic stratigraphy (for exam-
ple, LePain and others, 2013). This short paper briefly describes the oil-stained Tonnie sandstone 
and offers a preliminary interpretation of the interval’s depositional setting, sequence stratigraphy, 
and petroleum geology. Ultimately, we suggest that this thick, oil-bearing succession may be a res-
ervoir-scale outcrop analogue for potential Jurassic-sandstone-hosted petroleum accumulations in 
Cook Inlet.

CHINITNA FORMATION—STRATIGRAPHIC OVERVIEW
The Chinitna Formation principally comprises fine-grained marine strata that in lower Cook 

Inlet crop out near the arc-proximal, northwest forearc basin margin between Iniskin and Tuxedni 
Bays (fig. 1). The formation is typically 700 m thick and has two members—Tonnie Siltstone and 
the overlying Paveloff Siltstone—of generally comparable thicknesses (Detterman and Hartsock, 
1966; Herriott and Wartes, 2014). Coarse-grained basal successions are documented in each of the 
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Figure 1. Location map of the Iniskin–Tuxedni Bays area. The authors made detailed observations of the Chinitna Formation at 
32 locations during summer 2017 (blue dots) in addition to the ~350 locations in the formation that were examined by Herriott 
and others (2017b) during the preceding six field seasons (red dots). Index map faults (see top-left: BBFS—Bruin Bay fault 
system; BRFS—Border Ranges fault system; CMF—Castle Mountain fault) are modified from LePain and others (2013; see also 
references therein). Note the figure 2 geologic map outline between Bear Creek and Slope Mountain. Topographic base map 
from portions of U.S. Geological Survey Iliamna, Seldovia, Lake Clark, and Kenai 1:250,000-scale quadrangles; shaded-relief 
image modified from U.S. Geological Survey Elevation Data Set Shaded Relief of Alaska poster. 
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members, but these sandstone and conglomerate units are better developed along the Chinitna–
Tuxedni Bays outcrop trend than they are in the Tilted Hills belt of the Iniskin Peninsula (fig. 1) (see 
also Detterman and Hartsock, 1966). LePain and others (2013) interpreted the Chinitna Forma-
tion as the shelfal record of two transgressive–regressive sedimentation cycles. Subsequent work by 
Wartes and Herriott (2015) at Chinitna Bay documented probable deltaic strata in the basal Pavel-
off that is locally oil stained. More recently, Herriott and others (2016, 2017b) suggested that the 
Chinitna Formation in outcrop chiefly records shallow-marine sedimentation, although observed 
stratigraphic architectures and sedimentologic evidence indicates that nonmarine and slope strata 
may occur locally. Furthermore, Herriott and others (2017b) recognized the basal coarse-grained 
intervals in both members as lowstand systems tracts—each ranging from several tens of meters to 
more than 100 m thick—and mapped overlying architectural units as transgressive systems tracts 
that are each in turn overlain by highstand systems tracts. Ultimately, each Chinitna Formation 
member was interpreted as a third-order (106 years duration) stratigraphic sequence. Note that this 
paper and related work (Herriott and others, 2016, 2017b) employs subscripted map unit labels to 
describe and photogeologically map architectural units of the Chinitna, with Jct1 designating the 
base-of-Tonnie coarse-grained succession that is described and interpreted below. 

Building on these recent advances we examined an extraordinary exposure of Bowser, Chi-
nitna, and Naknek Formations at a locality informally referred to as the amphitheater (figs. 2 and 
3). This rock amphitheater is precipitously steep and mainly inaccessible, but aerial reconnaissance 
yielded lithostratigraphic insights into these units and refined our geologic mapping of the area 
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Figure 2. Preliminary geologic map of the amphitheater area. This mapping was completed by the authors in 2017 as part of a 
larger, Alaska Division of Geological & Geophysical Surveys-led project to map the geology of the Iniskin–Tuxedni Bays outcrop 
trend. See figure 1 for index map. Sample location coordinates (WGS84)—17TMH072: N60.09675° W152.68713°; 17TMH073: 
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Figure 3. (A) Oblique aerial photograph, with view southeastward of the amphitheater locality. (B) Photogeologic rendition of 
A. Outcrops and rubble of lower Tonnie Siltstone Member (Jct1) near the head of a snow-filled gully (see area between sample 
localities 17TMH072 and 17TMH073) are described and interpreted in the text. Approximately 750 m of topographic relief lie 
between peak 3510 and 17TMH073 for sense of scale; the amphitheater is ~2 km wide at the Chinitna–Naknek Formations 
contact. Colored arrows correspond to the waterfall localities marked on figures 4, 5, and 6A; see also sample localities and 
peak elevations of figure 2 for additional geographic context. Photograph by M.A. Wartes. Stratigraphic units (ascending order): 
Jtb—Bowser Formation, Tuxedni Group; Jct1—Tonnie Siltstone Member (basal succession in the sense of Herriott and others, 
2017b), Chinitna Formation; Jct—Tonnie Siltstone Member overlying Jct1 (correlative to Jct2 through Jct4 of Herriott and others, 
2017b), Chinitna Formation; Jcp—Paveloff Siltstone Member, Chinitna Formation; Jnss—lower sandstone member, Naknek 
Formation; Jns—Snug Harbor Siltstone Member, Naknek Formation.
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(fig. 2). Additionally, the lower part of the exposure lies at the head of a snow-filled gully (fig. 3), 
permitting access to the basal sandstone succession of Tonnie that we discovered to be extensively 
oil stained.

LOWER TONNIE AT THE AMPHITHEATER LOCALITY—OBSERVATIONS
The Bowser Formation–Tonnie Siltstone Member contact trends across the base of the am-

phitheater (figs. 2 and 3) and is very well exposed at the head of an unnamed drainage southeast 
of Bear Creek (fig. 1). This contact is locally sharp, planar, and stratigraphically concordant (fig. 4). 
The upper part of Bowser consists of a recessive weathering, thinly bedded siltstone and sandstone 
succession that is overlain by a resistant weathering, thickly bedded sandstone unit of lower Tonnie. 
The base-of-Tonnie sandstone interval is recognized as Jct1 (in the sense of Herriott and others, 
2017b), which crops out prominently in nearly vertical cliff faces along the headwall of the snow-
filled gully in figure 3. We completed a foot traverse within this gully, examining Jct1 at and between 
field observation stations 17TMH072 and 17TMH073 (figs. 2 and 3). 

Stratigraphic Architecture of Jct1

Jct1 is approximately 35 m thick and dominantly comprises tabular- and very-thick-bedded, 
light-brown–light-gray-weathering sandstone (fig. 4). A laterally persistent, tabular- and thinner 
bedded, dark-gray–brown-weathering, apparently muddy sandstone package occurs near the mid-
dle of Jct1, dividing lower Tonnie into the three architectural units of figure 5. We designate the 
thinner bedded sandstone package as Jct1B (~4 m thick), which separates a lower Jct1A package (~13 
m thick) from an upper Jct1C package (~18 m thick) (fig. 5B). The Jct1A and Jct1C architectural units 
typify Jct1 and comprise most of the observed facies. Stratal surfaces highlight the mainly tabu-
lar-bedded nature for all three of these packages, although some low-relief surfaces occur in Jct1A 
and Jct1C (more so in the former than the latter). The lateral continuity of bedding is greater in Jct1C 
than it is Jct1A, rendering a somewhat more amalgamated, massive-weathering character to Jct1A. 
The top of Jct1 is sharply and concordantly overlain by a stratigraphic succession that is thinner 
bedded, mud prone, and more generally characteristic of regional Tonnie Siltstone Member expo-
sures (see Jct2 [in the sense of Herriott and others, 2017b] of figs. 4 and 5).

Lithologic Character, Oil Stain, and Samples of Jct1

Jct1 outcrops are notably difficult to access, but our reconnaissance of Jct1A and Jct1C at 
17TMH073 and 17TMH072, respectively, suggests that these architectural units are mainly well 
sorted, texturally structureless, fine-grained sandstone. Rubble of Jct1 typically forms sub-meter-
sized boulders that expose medium-gray–green-colored sandstone along fresh, arcuate fracture 
faces (fig. 6). Boulders of this distinct lithology are scattered throughout the snow-filled gully at the 
base of the amphitheater (fig. 6B). These boulders are ubiquitously petroliferous, including recent 
Jct1C rockfall at 17TMH072 (fig. 6A), as is outcrop of Jct1A at 17TMH073 (figs. 4 and 5).

We collected oil-stained sandstone samples at 17TMH072 from rockfall that is unequivocally 
sourced from Jct1C (figs. 2, 3, and 6A). These samples will be analyzed for porosity, permeability, 
and petrographic composition; the geochemistry of extracted hydrocarbons will be characterized 
in order to constrain the probable source rock(s). Hand sample examination of the petroliferous 
samples suggests that the oil is matrix hosted, although petrographic evaluation will further test 
this preliminary inference. Additionally, we sampled a sandstone bed directly above the Bowser–
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Figure 4. (A) Photographic view northeastward of an exposure near the amphitheater’s base immediately northeast of the 
snow-filled gully in figure 3. (B) Photogeologic rendition of A. Note the chiefly very-thick-bedded and resistant-weathering 
character of the Jct1 sandstone interval. See Jct1 stratigraphic thickness for sense of scale. Colored arrows correspond to the 
waterfall localities marked on figure 3; see also sample location 17TMH073 on figures 2 and 3 for additional geographic context. 
Photograph by T.M. Herriott. Stratigraphic units (ascending order): Jtb—Bowser Formation, Tuxedni Group; Jct1—Tonnie 
Siltstone Member (architectural unit in the sense of Herriott and others, 2017b), Chinitna Formation; Jct2—Tonnie Siltstone 
Member (architectural unit in the sense of Herriott and others, 2017b), Chinitna Formation.
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Figure 5. (A) Oblique aerial photograph, with view eastward of the Jct1 interval. (B) Photogeologic rendition of A, highlighting 
Jct1 architectural units discussed in the text. Thin, long-dashed lines mapped on Jct1A and Jct1C are stratal surfaces; the lateral 
continuity of tabular beds in Jct1B is clearly recognizable without detailed mapping of stratal surfaces. Width of view is ~80 m 
for sense of scale. Colored arrows correspond to the waterfall localities marked on figures 3 and 4; see also sample location 
17TMH073 on figures 2–4 for additional geographic context. Photograph by T.M. Herriott. See figure 4 for explanation of 
stratigraphic units.
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Figure 6. Photographs highlighting the character of Jct1 rubble. (A) Recent rockfall and outcrop of Jct1C at sample locality 
17TMH072. Jct1C visible near the unit label is approximately the total thickness of this package (~18 m) for sense of scale. Green 
arrow corresponds to the waterfall locality marked on figure 3. See figures 4 and 5 for explanation of stratigraphic units. (B) 
Typical example of a Jct1 boulder observed within the snow-filled gully of figure 3. Fresh fracture surfaces on these distinct 
sandstone boulders are usually strongly petroliferous. Pencil is 14 cm long. Photographs by T.M. Herriott.

Tonnie contact at 17TMH073 (figs. 2–5); this sample is pending analysis for detrital zircon U–Pb 
geochronology to constrain the maximum depositional age for strata that immediately overlie this 
regionally significant base-of-Tonnie surface (see below).

INTERPRETATIONS AND DISCUSSION
Sedimentology and Depositional Systems

Herriott and others (2017b) recognized several prominent exposures of Jct1 along the Hicker-
son Lake–Johnson River trend, as well as on Chisik Island (fig. 1), interpreting the coarse-grained 
basal Tonnie in the area as probable shallow-marine deposits of shoreline-proximal settings. This 
regional context, the approximately depositional-strike nature of the Chinitna outcrop belt (com-
pare with discussion by Herriott and others, 2017a), and the lithostratigraphy of Jct1 of this study 
indicates that the oil-stained Tonnie interval also probably reflects a shallow-marine depositional 
environment. Our preliminary sedimentologic characterization of Jct1 at the amphitheater as dom-
inantly comprising tabular, very thick, structureless sandstone beds suggests event-bed sedimen-
tation with high instantaneous accumulation rates of well-sorted sand. These observations and 
process considerations are consistent with laminar to partly turbulent (for example, hyperconcen-
trated and concentrated density flows: Mulder and Alexander, 2001) and/or chiefly turbulent (for 
example, hyperpycnal flows: Mulder and Alexander, 2001; Plink-Björklund and Steel, 2004; Bhat-
tacharya, 2006) sediment transport and depositional processes, perhaps in a delta front to proximal 
prodelta/inner shelf environment subjected to sand-rich, high energy, punctuated sediment gravity 
flows. The amalgamated character of Jct1A  and Jct1C may indicate that waxing energy in turbulent 
sediment gravity flow fronts removed heterolithic, waning-flow deposits of the underlying event 
bed; in this scenario, the bulk of Jct1 may in fact record laminar to dampened turbulence flow 
conditions as noted above. Subordinate, low-relief stratal surfaces of figure 5B potentially reflect 
wide aspect ratio channels that were formed by more erosive, principally turbulent sediment grav-
ity flows that traversed the paleo-seafloor. Additional documentation of grading and sedimenta-
ry structures (for example, climbing ripples)—including any preserved heterolithic bed tops—are 
keys to further elucidating the process–response nature of these sedimentation units and bolstering 
the depositional-systems framework of Jct1 at the amphitheater.
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Sequence-Stratigraphic and Petroleum-Geologic Context
The Bowser–Tonnie contact is interpreted as a sequence-bounding basal surface of forced 

regression (see Herriott and others, 2017b), with Jct1 being a lowstand systems tract (LST) with 
probable deltaic associations in outcrop. The thinly bedded, mud-prone, marine-fossil-rich upper 
Bowser (compare with Detterman and Hartsock, 1966; LePain and others, 2013) is consistent with 
highstand systems tract (HST) sedimentation in a more distal—probably shelfal—setting than the 
overlying, shoreline-proximal Jct1. General concepts of shallow-marine base-level cyclicity (for ex-
ample, Catuneanu and others, 2009) and our lithostratigraphic observations of these units support 
this interpretation of the upper Bowser to lower Tonnie transition (discussed further below). The 
Jct1B package at the amphitheater locality may record autocyclic processes in up-dip elements of 
deltaic depositional systems or a higher frequency base-level cycle within the third-order LST of 
Jct1. The Jct1–Jct2 contact is interpreted as a transgressive surface, with overlying Jct2 constituting a 
transgressive systems tract (TST) that reflects waning prodelta/shelfal sedimentation during flood-
ing of the regressive depositional systems of the Jct1 LST (Herriott and others, 2017b). 

This preliminary report adds to a growing catalog of matrix-hosted residual oil documented 
in Mesozoic sandstones of the Iniskin–Tuxedni Bays area (LePain and others, 2012; Gillis, 2016), 
including an occurrence in a comparable coarse-grained succession at the base of Paveloff Siltstone 
Member (Wartes and Herriott, 2015; Herriott and others, 2017b). Jct1 at the amphitheater is cur-
rently the northernmost oil-stained outcrop reported in the area. Furthermore, perhaps the most 
remarkable aspect of the Jct1 oil stain of this study is its apparent areal extent. Jct1 in outcrop, recent 
rockfall, and boulders strewn across the snow-filled gully are seemingly universally petroliferous, 
suggesting that this unit was, at a minimum, pervasively charged with oil between the two sample 
localities of figure 3. These constraints preliminarily delineate an oil-stained interval that is approx-
imately 35 m thick and persists across an at least 250-m-wide lateral extent.

Work by Detterman and Hartsock (1966) provides regional structural context for the amphi-
theater locality, with their dip-parallel, C–C’ cross section extending from the Jurassic arc batholith 
in the northwest, through the amphitheater locality, and to the Cook Inlet coast in the southeast. 
The Lower Jurassic arc (Talkeetna Formation) through Middle and Upper Jurassic forearc (Tuxed-
ni Group and Chinitna and Naknek Formations) stratigraphy along this cross section constitutes 
a relatively uniform, gently basinward/southeastward-dipping panel with several steeply dipping 
cross faults but no large anticlinal closures. Note also that we did not encounter oil-stained Bowser 
strata in the area, and Jct2 also seems unlikely to be oil stained due to its mud-prone character. Thus, 
outcrop evidence suggests that reservoir potential in the upper Bowser and Jct2 are probably negli-
gible, but is it likely that these HST (upper Bowser) and TST (Jct2) deposits served as hydrocarbon 
seals? The structural and stratigraphic context suggests that such a case is permissible, and that a 
stratigraphic trap should be considered with respect to the oil accumulation that is now exhumed at 
the amphitheater. One plausible scenario for stratigraphically trapping oil in the Tonnie sandstone 
of this study is presented in figure 7, where the up-dip extent of the Jct1 LST—which prograded over 
the upper Bowser HST—is onlapped by the Jct2 TST. In other words, oil-stained Jct1 may be a san-
dy, wedge-shaped, sequence-stratigraphic architectural unit that is enveloped by muddy deposits 
of systems tracts recorded by upper Bowser and Jct2. This overall stacking architecture, if correctly 
interpreted, is potentially capable of trapping hydrocarbons in the gently basinward-dipping panel 
of Jurassic stratigraphy, although the upper Bowser and Jct2 seal elements of figure 7 are not proven.
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Figure 7. Schematic line drawing of sequence-stratigraphic architecture in downstream-controlled, nonmarine through shelfal 
settings potentially capable of stratigraphically trapping oil in an LST (figure adapted from Catuneanu, 2017). The Jct1 LST is 
chiefly thickly bedded and sand rich. The Jtb HST and Jct2 TST are principally thinly bedded and mud prone, serving as trapping 
elements in this scenario (see text for further discussion); note that the lower part of Bowser and upper part of Tonnie are not 
included in this figure. Note also that the sequence-stratigraphic framework outlined here and by Herriott and others (2017b) 
does not uniquely solve for this figure’s stacking pattern (see discussion by Catuneanu, 2017) but it is a viable hypothesis based 
on available stratigraphic evidence. 

Jct1 clearly reflects an episode of forearc sedimentation where coarse detritus was exported 
into the basin during early Chinitna time. Deep-water, down-dip equivalents to Jct1 may also have 
been charged with oil and today remain in the Cook Inlet subsurface. Pending analyses of samples 
collected in the course of this study will characterize extracted hydrocarbons and reservoir param-
eters of the host strata. Additionally, the detrital zircon sample collected from directly above the 
base-of-Chinitna sequence boundary will yield the first geochronologic age constraints for Tonnie, 
potentially providing a chronostratigraphic tie for outcrop to subsurface correlations. More broad-
ly, our reconnaissance of Jct1 at the amphitheater locality indicates that this exposure is a candidate 
outcrop analogue for an oil-field-scale, sandstone-hosted, potentially stratigraphically trapped hy-
drocarbon accumulation in the Jurassic stratigraphy of Cook Inlet.
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