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Abstract 
Complete penetration of the Otuk Formation in a continu-

ous drill core (diamond-drill hole, DDH 927) from the Red 
Dog District illuminates the facies, age, depositional environ-
ment, source rock potential, and isotope stratigraphy of this 
unit in northwestern Alaska. The section, in the Wolverine 
Creek plate of the Endicott Mountains Allochthon (EMA), is 
~82 meters (m) thick and appears structurally uncomplicated. 
Bedding dips are generally low and thicknesses recorded are 
close to true thicknesses. Preliminary synthesis of sedimento-
logic, paleontologic, and isotopic data suggests that the Otuk 
succession in DDH 927 is a largely complete, albeit con-
densed, marine Triassic section in conformable contact with 
marine Permian and Jurassic strata.

The Otuk Formation in DDH 927 gradationally overlies 
gray siliceous mudstone of the Siksikpuk Formation (Perm-
ian, based on regional correlations) and underlies black 
organic-rich mudstone of the Kingak(?) Shale (Jurassic?, 
based on regional correlations). The informal shale, chert, and 
limestone members of the Otuk are recognized in DDH 927, 
but the Jurassic Blankenship Member is absent. The lower 
(shale) member consists of 28 m of black to light gray, silty 
shale with as much as 6.9 weight percent total organic carbon 
(TOC). Thin limy layers near the base of this member contain 
bivalve fragments (Claraia sp.?) consistent with an Early 
Triassic (Griesbachian-early Smithian) age. Gray radiolarian 
chert dominates the middle member (25 m thick) and yields 
radiolarians of Middle Triassic (Anisian and Ladinian) and 
Late Triassic (Carnian-late middle Norian) ages. Black to 
light gray silty shale, like that in the lower member, forms 
interbeds that range from a few millimeters to 7 centimeters in 
thickness through much of the middle member. A distinctive, 
2.4-m-thick interval of black shale and calcareous radiolarite 
~17 m above the base of the member has as much as 
9.8 weight percent TOC, and a 1.9-m-thick interval of limy to 
cherty mudstone immediately above this contains radiolarians, 
foraminifers, conodonts, and halobiid bivalve fragments. The 
upper (limestone) member (29 m thick) is lime mudstone with 
monotid bivalves and late Norian radiolarians, overlain by 
gray chert that contains Rhaetian (latest Triassic) radiolarians; 
Rhaetian strata have not previously been documented in the 
Otuk. Rare gray to black shale interbeds in the upper member 

have as much as 3.4 weight percent TOC. At least 35 m of 
black mudstone overlies the limestone member; these strata 
lack interbeds of oil shale and chert that are characteristic of 
the Blankenship, and instead they resemble the Kingak Shale. 
Vitrinite reflectance values (2.45 and 2.47 percent Ro) from 
two samples of black shale in the chert member indicate that 
these rocks reached a high level of thermal maturity within the 
dry gas window.

Regional correlations indicate that lithofacies in the 
Otuk Formation vary with both structural and geographic 
position. For example, the shale member of the Otuk in the 
Wolverine Creek plate includes more limy layers and less 
barite (as blades, nodules, and lenses) than equivalent strata in 
the structurally higher Red Dog plate of the EMA, but it has 
fewer limy layers than the shale member in the EMA ~450 
kilometers (km) to the east at Tiglukpuk Creek. The limestone 
member of the Otuk is thicker in the Wolverine Creek plate 
than in the Red Dog plate and differs from this member in 
EMA sections to the east in containing an upper cherty interval 
that lacks monotids; a similar interval is seen at the top of the 
Otuk Formation ~125 km to the west (Lisburne Peninsula). 
Our observations are consistent with the interpretations of 
previous researchers that Otuk facies become more distal in 
higher structural positions and that within a given structural 
level more distal facies occur to the west. Recent paleogeo-
graphic reconstructions indicate that the Otuk accumulated at 
a relatively high paleolatitude with a bivalve fauna typical of 
the Boreal realm. 

A suite of δ13Corg (carbon isotopic composition of carbon) 
data (n=38) from the upper Siksikpuk Formation through the 
Otuk Formation and into the Kingak(?) Shale in DDH 927 
shows a pattern of positive and negative excursions similar 
to those reported elsewhere in Triassic strata. In particular, a 
distinct negative excursion at the base of the Otuk (from −23.8 
to −31.3‰ (permil, or parts per thousand)) likely correlates 
with a pronounced excursion that marks the Permian-Triassic 
boundary at many localities worldwide. Another feature of the 
Otuk δ13Corg record that may correlate globally is a series of 
negative and positive excursions in the lower member. At the 
top of the Otuk in DDH 927, the δ13Corg values are extremely 
low and may correlate with a negative excursion that is widely 
observed at the Triassic-Jurassic boundary.
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Introduction
The Otuk Formation (Triassic-Jurassic) is a potential 

hydrocarbon source rock (Lillis and others, 2002; Lillis, 2003) 
that is widely distributed in outcrop and subsurface across 
northern Alaska (fig. 1). This paper documents the lithofacies, 

age, and depositional setting of the Otuk in the Red Dog 
District, northwestern Alaska (figs. 1, 2) and compares its 
facies and stratigraphy with those of correlative sections to the 
west (Cape Lisburne) and east (central Brooks Range). Also 
discussed are some aspects of the organic and isotope geo-
chemistry of the Otuk. 
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Figure 1. Map showing distribution of generalized lithofacies and isopachs of selected Triassic rocks across northern 
Alaska, outcrop and subsurface sections discussed in the text, and boundaries of the National Petroleum Reserve in Alaska 
(NPRA), and the Arctic National Wildlife Refuge (ANWR). Otuk Formation (beige and yellow facies) occurs in outcrop from 
Cape Lisburne to the southeastern Brooks Range; Shublik Formation (green, blue, and beige facies) occurs in outcrop mainly 
in the northeastern Brooks Range but is widely distributed in the subsurface. The transition between the two units has not 
been precisely located. Modified from Kelly and others (2007). Note that the placement of the zero isopach offshore  
is uncertain.
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Carboniferous facies in northern Alaska have long been 
known to vary with shifts in geographic and structural settings 
(Mayfield and others, 1988; Dumoulin and others, 2004). 
Herein we provide the first detailed description of the Otuk 
Formation in the western Brook Range, and demonstrate that 
its facies also show differences linked to geographic position 
and structural level. In addition, we document significant posi-
tive and negative excursions in δ13Corg within the Otuk that are 
similar to those reported in other Triassic sections worldwide. 
The cause of these excursions remains a subject of intense 
debate (Tanner, 2010). Our preliminary synthesis of sedi-
mentologic, paleontologic, and isotopic data suggests that the 
Otuk succession in diamond-drill hole (DDH) 927 is a largely 
complete marine Triassic section in conformable contact with 
marine Permian and Jurassic strata.

Structural, Stratigraphic, and 
Paleogeographic Setting

Our study focuses on a subsurface section of the Otuk 
Formation in the vicinity of the Red Dog Mine in north-
western Alaska (figs. 1, 2). Paleozoic and Mesozoic strata 
in this area, and throughout much of the western and central 
Brooks Range, are exposed in a series of discrete structural 
allochthons that formed during the late Mesozoic and Tertiary 
Brooks Range orogeny. Individual allochthons are imbricated 
internally and are made up of plates and thrust sheets, some of 
which are named. We use the terminology of Young (2004) for 
these structural features.

PP1795_fig2.ai

EXPLANATION

Kotzebue

N
oa

ta
k 

Ri
ve

rKivalina

Noatak

Red Dog

Lisburne
#1

Point
Hope

67°

68°

69°

Red
Dog

Wulik

Anarraaq
(DDH 927,
1110, 1150C) 

156°158°160°162°164°166°

Cape Lisburne

Punupkahkroak 
Mountain

Agate Rock

Structurally higher allochthons

Key Creek plate

Red Dog plate

Wolverine Creek plate

Endicott
Mountains
allochthon

Chukchi
Sea

Ipewik River

Wulik 
Rive

r

Ku
kp

ow
ru

k R
ive

r
Ke

lly
 R

iv
er

Colville River

Aniuk River

Et
ivl

uk
 R

ive
r

Kotzebue
Sound

Massive sulfide

High-angle fault

Thrust fault—teeth on upper plate

0 50 MILES25

0 50 KILOMETERS25

0 5 MILES

0 5 KILOMETERS

Figure 2. Map of northwestern Alaska showing location of study area (brown rectangle); inset shows plates of the 
Endicott Mountains Allochthon (EMA) in area of the Red Dog Mine (De Vera and others, 2004). DDH, diamond-drill hole. 
Otuk Formation was cored in DDHs 927, 1110, and 1150C.



4  Lithofacies, Age, Depositional Setting, and Geochemistry of the Otuk Formation in the Red Dog District, Alaska

Triassic and Jurassic facies vary widely across northern 
Alaska (fig. 1) and a complex stratigraphic nomenclature has 
developed to encompass this variation (fig. 3). These rocks are 
part of the upper Ellesmerian megasequence of Hubbard and 
others (1987). In outcrops of the northeastern Brooks Range, 
and in much of the subsurface beneath the North Slope of 
Alaska, Triassic rocks are considered to be parautochthonous 
(Young, 2004) and consist of siliciclastic deposits (Ivishak 
Formation of the Sadlerochit Group) overlain by a relatively 
thin, silty sandstone (called Karen Creek Sandstone in outcrop 
and Sag River Sandstone in subsurface) and calcareous silt-
stone and sandstone, limestone, and mudstone of the Shublik 
Formation (Detterman and others, 1975; Parrish and others, 
2001). These Triassic strata overlie Permian siliciclastic rocks 
of the Echooka Formation and underlie dark shale and lesser 
siltstone of the Jurassic through Lower Cretaceous Kingak 
Shale (Detterman and others, 1975). 

Lower Mesozoic strata of the Endicott Mountains 
Allochthon (EMA) occur throughout the central and western 
Brooks Range and represent generally finer grained, more 
distal facies equivalents of coeval units to the north and east 
(figs. 1, 3). The Otuk Formation of the Etivluk Group (Mull 
and others, 1982) consists mainly of shale, chert, and lime 
mudstone and overlies similar facies of the Pennsylvanian-
Permian Siksikpuk Formation. In much of the EMA, the 
uppermost part of the Otuk is of Early and Middle Jurassic age 
and consists of organic-rich shale of the Blankenship Member. 
The Blankenship is largely absent, however, from sections 
that represent the lowest structural level of the EMA, called 
the Wolverine Creek plate in the west (Red Dog area) and the 
Ivotuk plate farther east (west-central Brooks Range). In these 
sections, Triassic rocks of the Otuk are overlain by undated 
dark mudstone that resembles the Kingak Shale (Young, 2004; 
Dumoulin and White, 2005). 
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Figure 3. Diagram showing stratigraphic nomenclature for Permian-Jurassic 
strata in selected areas of northern Alaska; Karen Creek Sandstone recognized 
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Lower Mesozoic strata in the Cape Lisburne area of 
northwestern Alaska (fig. 2) were considered parautochtho-
nous by Young (2004) but were included in the EMA by May-
field and others (1988). These rocks (Moore and others, 2002) 
are similar to coeval strata in the Wolverine Creek plate (fig. 
2) and are described with a virtually identical stratigraphic 
nomenclature (fig. 3).

Structurally higher allochthons contain lower Mesozoic 
facies that appear even more distal than those of the EMA. For 
example, Permian through Lower Jurassic strata in the Picnic 
Creek Allochthon (PCA; fig. 3) are highly siliceous and gener-
ally called Etivluk Group undivided in the western Brooks 
Range (Blome and others, 1988; Young, 2004).

Triassic rocks of northern Alaska are part of the Arctic 
Alaska Microplate of Hubbard and others (1987). The paleo-
geographic history of this microplate remains controversial, 
but most recent models have shown it as adjacent or attached 
to North America during the early Mesozoic at a paleolati-
tude of ~+45–60° (Scotese, 2001; Lawver and others, 2002; 
Kelly and others, 2007; Colpron and Nelson, 2009). Triassic 
bivalves from the Otuk Formation and correlative units are 
part of the Boreal province (for example, McRoberts, 2010) 
which extends from Siberia through northern Alaska, Arctic 
Canada, Greenland, and Svalbard.

Lithofacies

In this paper we describe a complete section of the 
Otuk Formation that was continuously cored in Teck Min-
ing Company’s DDH 927, 2.7 kilometers (km) west of the 
the Anarraaq deposit in the Red Dog District (fig. 2); we also 
studied the overlying Kingak(?) Shale and the underlying 
Siksikpuk Formation (upper part) in this drill hole. In addition, 
we sampled the Kingak(?) and upper Otuk in nearby DDH 
1110, which is 1.5 km west of Anarraaq (fig. 2). The drill holes 
are nearly vertical. Both studied sections are in the Wolverine 
Creek plate of the EMA, which in this area structurally under-
lies several thrust-faulted partial repeats of Carboniferous and 
younger strata in the Red Dog plate of the EMA. A mélange 
zone marks the contact between the two plates in both drill 
holes. DDH 927 contains the only complete section of the 
Otuk that has been cored in the Red Dog District, and thus it 
provides a unique opportunity to examine Triassic stratigraphy 
and lithofacies in the western Brooks Range.

 Siksikpuk Formation

The Siksikpuk Formation in the EMA of the western 
Brooks Range is ~70 to 165 meters (m) thick and encompasses 
four informal subunits—lower, middle, upper, and transitional 
(Young, 2004). DDH 927 penetrated only the upper two of 
these subunits. About 27 m (88 feet, ft) of Siksikpuk was 

drilled in DDH 927.1 In the Red Dog District, the thickest and 
most proximal section of the Siksikpuk occurs in the Wolver-
ine Creek plate (Young, 2004).

Upper Subunit 
The upper subunit of the Siksikpuk Formation is 9 to 46 m 

thick and typically consists of greenish-gray and maroon chert, 
although more proximal (less siliceous) facies occur in the 
Wolverine Creek plate (Young, 2004). In DDH 927, ~24 m  
(80 ft) of slightly greenish, medium-gray, locally siliceous 
mudstone make up the upper subunit (fig. 5). Total organic 
carbon (TOC) values are uniformly low (0.2 to 0.6 weight 
percent; fig. 4, table A1). Features observed in thin sections 
include consistent but minor amounts of disseminated quartz 
silt to very fine sand, rare agglutinated foraminifers (fig. 5A, 
B), and, in some samples, <5 percent disseminated, silt-sized 
dolomite rhombs. Irregular blebs, veins, and centimeter-
thick layers of barite occur throughout the subunit (fig. 5C). 
Pyrite masses, some with barite cores and as much as 
2 centimeters (cm) in diameter, are notable in the uppermost 
meter of section.

Transitional Subunit 
A transitional subunit, ≤8 m thick, occurs at the top of the 

Siksikpuk Formation and is made up mostly of gray and lesser 
brown or maroon shale and subordinate chert (Young, 2004). 
In DDH 927, this subunit is ~2.4 m (8 ft) thick and consists 
of 0.5- to 1-m-thick alternations of medium gray mudstone 
like that in the upper subunit and organic-rich, dark-gray to 
black shale typical of the overlying shale member of the Otuk 
Formation (fig. 5D). We selected the base of the transitional 
subunit at the base of the lowest interbed of dark shale, and the 
top of the subunit at the top of the highest medium-gray mud-
stone. The black shale contains locally abundant thin (≤200 
micrometers, µm) lenses of silt, as well as several graded 
layers (as much as 2.5 cm thick) of silt to very fine sand; clasts 
include chert, quartz, feldspar, and dolomite, as well as pos-
sible mudstone and volcanic rock fragments. Pyrite, in local 
lenses and disseminated grains, and rare muddy laminae rich 
in radiolarians also occur in the dark shale intervals.

Otuk Formation

The Otuk Formation in the Wolverine Creek plate con-
sists of three subunits that have been informally recognized 
in the Otuk throughout the Brooks Range (Mull and others, 
1982; Bodnar, 1984; Blome and others, 1988; Young, 2004). 

1Unit thicknesses in drill cores given here have not been corrected for dip 
and are thus somewhat greater than true thicknesses. Bedding dips recorded 
on drill logs in the cores sampled are generally less than 40° and through 
much of the Otuk are 0 to 20°; measured thicknesses are therefore at most 
6 to 23 percent greater than true thicknesses. Drill cores are calibrated and 
archived by Teck Mining Company using English units.
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Figure 4.  Diagram showing the stratigraphy of the Wolverine Creek plate cored in diamond-drill holes (DDH) 927 (68°09’20”N, 
163°01’40”W) and 1110 (68°09’40”N, 163°00’20”W). In both drill holes, the upper surface of the Kingak(?) Shale shown here is a 
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An., Anisian; Cn, Carnian; Lad., Ladinian, Rha., Rhaetian. Ma, mega-annum; ft, feet.
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Figure 5. Photographs showing lithologic features of Siksikpuk Formation in diamond-drill hole (DDH) 927. A, C, thin 
section scans; B, photomicrograph; D, core photograph. A–C, Upper subunit: A, Typical gray mudstone with low total 
organic carbon (TOC) (0.6 weight percent) and rare agglutinated foraminifers (f); 1,917 feet (ft). B, Partly flattened 
agglutinated foraminifer test; 1,917 ft. C. Blebs, lenses, and layers of barite (b) are common in this subunit; 1,938 ft. D, 
Transitional subunit consists of gray mudstone typical of the Siksikpuk interbedded with black shale (b) typical of the 
overlying Otuk Formation; core from 1,880 to 1,889.5 ft (top to left); scale bar units in centimeters (cm) (left) and inches 
(right). mm, millimeter.



8  Lithofacies, Age, Depositional Setting, and Geochemistry of the Otuk Formation in the Red Dog District, Alaska

These are, in ascending order, the shale, chert, and limestone 
members. The formally named uppermost part of the Otuk, 
the Blankenship Member (Mull and others, 1982), does not 
occur in either the DDH 927 or DDH 1110 section. Thickness 
of the Otuk ranges from ~45 to 125 m (Mull and others, 1982; 
Bodnar, 1984; Young, 2004); the Otuk in DDH 927 is ~82 m 
(269 ft) thick.

Shale Member 

In DDH 927, the shale member is ~28 m (91 ft) thick and 
consists largely of varicolored silty shale (fig. 6). The shale 
ranges from light gray to black; intervals of contrasting color 
ranging from <1 mm to >0.5 m in thickness are a characteris-
tic feature of this member (fig. 7A, D, E). Silt and lesser very 
fine sand occur throughout the member, both as disseminated 
grains and concentrated into thin lenses and layers (fig. 7E–G). 
Some silty lenses may be flattened clasts or burrows. Centime-
ter-thick siltstone layers display parallel laminae, low-angle 
cross-laminae, and normal size grading (fig. 7E). Irregular 
blebby textures suggestive of partial bioturbation and less 
common soft sediment deformation features are seen in shale 
and siltstone. Much of the silt and sand is monocrystalline 
quartz and white mica (fig. 7F). Dolomite rhombs are abun-
dant in some samples (fig. 7G). Plagioclase feldspar and lithic 
clasts (including chert) were recognized locally, especially in 
zones with sand-sized detritus. 

The main compositional difference between dark and 
light shale intervals is the abundance of organic matter (figs. 6, 
7D, table A1). Weight percent TOC in 10 samples of dark-gray 
to black shale averages 3.6 (range 1.3–6.9), but in 4 samples 
of light- to medium-gray shale weight percent TOC averages 
0.19 (range 0.12–0.25). Barite occurs locally in dark shale 
near the top of the member, mainly as bladed crystals in layers 
≤1 mm thick (fig. 7H).

Several calcareous intervals, ~1.2 to 1.8 m thick, occur 
in the lower half of the member (figs. 6, 7A). They consist of 
abundant calcareous shell debris (fig. 7B, C) in a matrix of 
dark, silty mudstone. The shells are mainly  prismatic bivalve 
fragments (Claraia sp.?) and are further discussed below. 
Small brown nodules (phosphatic? chert) occur locally.

Radiolarians are most abundant in the upper third of the 
member (figs. 6, 7H). Most have a matrix of dark mud and are 
filled with chalcedony. In one sample, radiolarians fill a 1-cm-
diameter cylindrical form that may be a burrow. Phosphatic 
bioclasts (conodonts or ichthyoliths) and possible agglutinated 
foraminifers were noted in several samples.

Chert Member 

The chert member in DDH 927 is ~25 m (83 ft) thick and 
extends from the base of the lowest chert layer to the base of 
a lime mudstone interval that is >10 m thick. Medium gray 
chert is the dominant lithology. Interlayers of silty shale a few 
millimeters to 7 cm thick occur throughout the member but 

are particularly abundant in the lower half (fig. 8A–C). These 
shales are identical to those in the shale member and range 
from black and organic-rich (5.8 weight percent TOC) to light 
gray and organic-poor (0.2-0.3 weight percent TOC; figs. 6, 
8A, table A1). Some silty layers appear partly bioturbated 
(fig. 8C). Chert contains rare to abundant radiolarians (rang-
ing from a few to >60 percent) and lesser sponge spicules. 
Radiolarian tests are generally filled with chalcedony but some 
contain barite or pyrite. Some layers of radiolarian chert grade 
upward into shale or siliceous mudstone (fig. 8B). Rare phos-
phatic bioclasts (including probable conodonts) occur locally 
in both shale and chert. Layers of barite crystals (some with 
cores made of quartz and pyrite) in a dark mudstone matrix 
occur at several horizons in the lower half of the member.

There are two distinctive intervals in the upper half of the 
chert member. The lower of these (dm, figs. 6, 8D, E) is ~2.4 
m of mainly dark gray to black, sooty, calcareous to siliceous 
mudstone and shale that correlates with the “distinctive marker 
horizon” described by Young (2004, p. 1291)—a regional 
marker in the chert member that Young recognized in the 
EMA and in higher allochthons. Limy layers in this interval 
contain calcite-replaced radiolarians (fig. 8E) and halobiid flat 
clam fragments in a matrix of fine-grained carbonate. Shales 
have as much as 9.8 weight percent TOC (fig. 6), the highest 
value determined in the Otuk Formation in this study. Silt to 
very fine sand grains occur locally, both disseminated and in 
lenses and laminae, and include quartz, white mica, dolomite, 
plagioclase, and sedimentary and volcanic lithic clasts.

Just above this marker horizon, 1.9 m of light-gray to 
olive-gray, calcareous to dolomitic mudstone, chert, and shale 
form a second distinctive upper horizon (uh, figs. 6, 8F–H). 
Radiolarians (locally replaced by carbonate or pyrite), cal-
careous foraminifers, halobiid bivalve fragments, phosphatic 
bioclasts (including conodonts; table 1, sample 927-1720) 
and possible calcispheres are sparse but consistently present 
throughout this interval (fig. 8F–H). Fine-grained dolomite 
rhombs are abundant throughout this zone.

The uppermost part of the chert member in DDH 927 is 
medium gray chert much like that elsewhere in the member 
but cut by numerous veins of sparry calcite. Five meters of 
similar gray chert at the base of DDH 1110 (fig. 4) likely cor-
relates with this interval. 

Limestone Member 

The limestone member of the Otuk Formation was 
penetrated in DDHs 927 and 1110 and consists of a limy 
lower part and a cherty upper part in both drill holes (figs. 
4, 6, 9). Locally steep dips observed in core suggest that the 
member has been structurally thickened, particularly in DDH 
1110, where it extends for ~48 m (157 ft). A thickness of ~29 
m (95 ft) was logged for the member in DDH 927, which is 
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closer to the thickness of ~15-20 m reported for this interval in 
the Wolverine Creek plate by Young (2004).

In both drill holes, the lower part of the limestone mem-
ber (figs. 4, 6) is mostly light gray lime mudstone to sparsely 
bioclastic wackestone variously replaced by chert and/or dolo-
mite, and locally diluted by clay (fig. 9A, B). Halobiid and/
or monotid flat clam fragments are sparse to common and in 
places they form coquinoid concentrations (fig. 9B). Radiolar-
ians are also locally abundant but generally poorly preserved 
and replaced by carbonate. 

In DDH 927, the lime mudstone-dominated interval is 
overlain by ~10.5 m (34.5 ft) of mostly light to medium gray 
radiolarian chert, locally shaly, with a layer ~1.2 m thick of 
blocky, brownish-black mudstone near the middle and ~30 cm 
of dolomitic lime mudstone at the top (figs. 6, 9C, D). Gray to 
black shale, with TOC values as much as 3.4 weight percent, 
forms <0.5- to 6-cm-thick interlayers in the chert (figs. 6, 9C, 
D, table A1). No bivalve fragments or foraminifers were seen 
in this interval; the carbonate mudstone contains abundant 
radiolarians (replaced by carbonate and pyrite) and a few 
phosphatic bioclasts.

The uppermost part of the limestone member in DDH 
927 (dc, fig. 6) is mainly dark gray chert with thin interlayers 
of dark gray to black shale. Radiolarians occur throughout this 
interval and in places form size-graded layers capped by shale 
(fig. 9E); some of these layers also contain detrital grains such 
as quartz and feldspar silt, phosphate(?), and dark mudstone 
clasts as much as 4 mm long. Bivalve fragments and foramini-
fers are absent.

The overall stratigraphy of the limestone member in 
DDH 1110 is similar to that described above for DDH 927 
(fig. 4). An interval of dolomitic lime mudstone that contains 
locally abundant flat clam fragments and calcitized radiolar-
ians is overlain by radiolarian chert grading to siliceous mud-
stone. Shaly interlayers occur throughout the member and are 
mostly light gray with low TOC values (≤0.2 weight percent) 
in the limy interval and dark gray to black with as much as 3.8 
weight percent TOC in the cherty interval (fig. 4, table A1). 
Thin layers and lenses of silt to fine sand, made up mostly of 
quartz, feldspar, carbonate, and fine-grained lithic clasts, occur 
locally in both intervals; one sandy layer near the middle of 
the cherty interval contains outsize mud clasts (as much as 
2 mm long), radiolarians, phosphatic(?) grains, and detrital 
quartz silt to very fine sand. 

Kingak(?) Shale

An interval of black, noncalcareous mudstone at least 
35 m (115 ft) thick that overlies the limestone member of the 
Otuk Formation in DDHs 927 and 1110 (figs. 4, 10) was provi-
sionally assigned to the Kingak(?) Shale by Young (2004) and 
Dumoulin and White (2005). The lower contact of the mud-
stone in both drill holes is conformable; the upper contact is a 
readily identifiable fault that is overlain by folded chert (Otuk 
Formation?) and then mélange in DDH 927 and by a mélange 

zone in DDH 1110. The Kingak Shale (Jurassic-Lower Creta-
ceous) crops out in the northeastern Brooks Range, is widely 
present in the subsurface beneath the North Slope, and has 
been recognized in the structurally lowest level of the EMA 
in the western and central Brooks Range (Magoon and Bird, 
1988; Young, 2004; Dumoulin and White, 2005). It consists of 
dark shale and lesser siltstone and ranges from 17 to >1,000 m 
in thickness. The lower part of the Kingak correlates with the 
Blankenship Member of the Otuk, a distinctive organic-rich 
shale <20 m thick (Mull and others, 1982; Bodnar, 1984) that 
occurs discontinuously in higher plates of the EMA (Young, 
2004). 

Fissile oil shale and chert are characteristic of the 
Blankenship Member (Mull and others, 1982), but they are 
absent from the Kingak(?) Shale in the Anarraaq area (fig. 2). 
The mudstone in DDHs 927 and 1110 is grayish and brown-
ish black to black, with subtle, millimeter-thick color laminae 
partly disrupted by bioturbation and soft-sediment folding 
(fig. 10A–C). Lenses and irregular blebs of pyrite as large as 
1 cm in diameter, some of which are likely pyritized burrows, 
are scattered throughout the section. Most Kingak(?) samples 
in both drill holes contain trace to minor disseminated silt 
(mainly quartz and lesser feldspar) and a few contain minor 
silt- to sand-sized carbonate rhombs. Locally, silt is concen-
trated into lenses and laminae (fig 10C).

Kingak(?) Shale in the Anarraaq drill holes is relatively 
organic rich (fig. 4, table A1). TOC values of 1.3 to 3.7 weight 
percent (mean 2.1) were obtained from 11 representative 
samples taken through the section in DDH 927; 11 similarly 
selected samples from DDH 1110 had values of 2.1 to 6.5 
weight percent (mean 3.4). These values are slightly higher 
than those from the Kingak in North Slope wells and in the 
northeastern Brooks Range, which range from 0.5 to 3 weight 
percent (Magoon and others, 1987; Magoon and Bird, 1988), 
but less than values typical of the Blankenship Member, which 
average 6.8 weight percent in the central Brooks Range (Bod-
nar, 1984). 

A paleosol horizon occurs near the top of the Kingak(?) 
Shale in DDH 1110 (Dumoulin and White, 2005). A 3-cm-
thick layer of black mudstone contains abundant magnesian 
siderite spherules that are 100 to 500 µm in diameter with 
an oxidized rim (fig. 10D), small dolomite rhombs ~20 µm 
in diameter, and small pyrite grains. The mudstone matrix 
is characterized by bimasepic to lattisepic fabric and roots 
indicative of pedogenesis (Dumoulin and White, 2005).

Age

Radiolarians and flat clam fragments constrain the age 
of the Otuk Formation in DDH 927 and 1110. No age data 
have been obtained from either the Siksikpuk Formation or the 
Kingak(?) Shale in these drill holes, but regional correlations 
limit the ages of these units. 
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Figure 9. Photographs of lithologic features of limestone member of Otuk Formation in diamond-drill hole 
(DDH) 927. A, C, core photographs; B, D, E, thin section scans. A, B, Lower part of member consists mainly of 
lime mudstone to wackestone (A) with local concentrations of monotid bivalves (B; 1,682 feet, ft); core from 
1,676 to 1,685.5 ft (top to left). C–E, Chert dominates the upper part of the member, with subordinate limy (l) and 
shaly (s) intervals (C); core from 1,628 to 1,638 ft (top to left). Radiolarians form crudely graded layers capped 
by shale and are of late Norian age in D (1,666 ft) and early Rhaetian age in E (1,632 ft). %, percent; TOC, total 
organic carbon; cm, centimeter.
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Figure 10. Photographs of Lithologic features of Kingak(?) Shale in diamond-drill holes (DDH) 927 (A–C) and  
1110 (D ). A, core photograph; B–D, thin section scans: A, B, Typical dark mudstone; TOC values range from 
1.3 to 6.5 weight percent (fig. 4, table A1). Core from 1,594 to 1,605 feet (ft) (top to left); B from 1,600.8 ft. C, Thin 
partly bioturbated silty interval; 1,538 ft. D, Spherules of magnesian siderite in silty claystone paleosol near top of 
Kingak(?); 1,937 ft. %, percent; TOC, total organic carbon; cm, centimeter.
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Siksikpuk Formation

Fossils indicate a Pennsylvanian-Permian age for the 
Siksikpuk Formation in the western Brooks Range (see discus-
sion and references in Dumoulin and others, 2006). The only 
fossils seen in the upper subunit of the Siksikpuk in DDH 927 
were agglutinated foraminifers (fig. 5A, B) that have not been 
dated. Radiolarians occur in a thin section of black shale from 
the transitional subunit (fig. 4), but a sample processed for 
radiolarians from this horizon was barren (table 1); the muddy 
matrix was difficult to disaggregate.

Definitively dated fossils younger than Middle Permian 
(Guadalupian) have not been reported from the Siksikpuk For-
mation regionally, and contact of the Siksikpuk with the over-
lying Otuk Formation has been interpreted as a disconformity, 
particularly in the central Brooks Range (for example, Bodnar, 
1984). However, the transition between the Siksikpuk and the 
Otuk in DDH 927, as preserved in the transitional subunit of 
the Siksikpuk, is gradational and interbedded and thus appears 
to be conformable. Isotopic data, discussed below, support this 
interpretation. 

Otuk Formation

Fossils indicate that the Otuk Formation in DDH 927 
ranges from Early Triassic (early Smithian or older) to latest 
Triassic (late Rhaetian) in age. Radiolarians obtained from 
the limestone member of the Otuk in DDH 1110 provide 
additional ages from this subunit that agree well with the ages 
from DDH 927 (table 1).

Shale Member

Pelecypod debris suggests an age of Early Triassic 
for the lower part of the shale member in DDH 927. Limy 
intervals ~2.4 and 5.5 m (6 and 15 ft) above the base of the 
member (fig. 6) contain bivalve fragments made of prismatic 
calcite (fig. 7B, C) that are most likely derived from the flat 
clam Claraia sp. (T. Waller, U.S. National Museum, writ-
ten communs., 2009, 2011). Claraia has long been recog-
nized as a zonal taxon for the Early Triassic (McRoberts, 
2010), and it has been found in Triassic rocks of northeastern 
Alaska. Claraia stachei occurs ~15 m above the base of the 
Kavik Member of the Ivishak Formation at its type locality 
in the northeastern Brooks Range, along with the ammonite 
Ophiceras commune; the fauna is early Early Triassic (earliest 
Griesbachian) (Detterman and others, 1975; fig. 3 in McRob-
erts, 2010). Definitive species assignment for Claraia cannot 
be made using thin sections, but details of internal shell tex-
ture seen in the samples from DDH 927 match well with those 
of Claraia cf. stachei illustrated by Boyd and Newell (1976). 
Claraia is absent from rocks of Spathian (latest Early Triassic) 
age, and few species persist beyond the early Smithian (early 
Olenekian; middle Early Triassic; Hallam, 1996; McRoberts, 
2010). Thus, the occurrence of probable Claraia sp. fragments 

near the base of the shale member in DDH 927 suggests an 
age of Griesbachian to early Smithian for these beds. 

Radiolarians were seen in thin sections from four levels 
in the shale member (fig. 6): in the higher of two levels that 
contain abundant bivalve fragments (?Claraia sp.) and at 
three horizons in the upper third of the unit. A sample from 
the lowest of these three horizons was barren (table 1); like 
the sample from the transitional unit of the Siksikpuk Forma-
tion discussed above, the muddy matrix proved difficult to 
disaggregate. Processing additional samples for radiolarians 
may yield more information on the age of this subunit in the 
future. Isotopic data (discussed below) suggest that the upper 
part of the shale member in DDH 927 is early Middle Trias-
sic (Anisian); Bodnar (1984) reported an Anisian age for the 
upper part of the shale member in the central Brooks Range.

Chert Member

Radiolarians indicate that the chert member ranges from 
early Middle to Late Triassic in age. Four horizons yielded 
tightly dated radiolarian faunas; three additional samples pro-
duced less diagnostic fragments (fig. 6, table 1). An Anisian 
(early Middle Triassic) fauna was recovered from light to 
medium gray chert, 1 m (3.4 ft) above the base of the member. 
Similar rocks, ~4.5, 10, and 11 m (15, 33, and 37 ft) above 
the base, produced assemblages of probable early to mid-
Ladinian, late Ladinian, and late Ladinian-early Carnian age, 
respectively. The age of the upper part of the chert member is 
less well constrained. Light gray argillaceous chert just below 
the base of the dark marker horizon produced only a few casts 
and molds that could not be dated, and lime mudstone near the 
top of the upper horizon yielded a poorly preserved fauna of 
Late Triassic (?Carnian-late middle Norian) age. Calcareous 
foraminifers and conodonts found in the upper horizon have 
not been dated; K.J. Bird (written commun., 2012) suggested 
that the foraminifers in figure 8G and H may be members of 
the long-ranging Lagenidae family (see Tappan, 1951). Young 
(2004) reported an age of Carnian or Norian for the dark 
marker horizon in the Red Dog plate.

Limestone Member

Radiolarians also constrain the age of the limestone mem-
ber in DDHs 927 and 1110 (fig. 6, table 1), and integrating 
data from the two drill holes indicates an age of late middle 
or slightly older Norian through late Rhaetian (middle Late 
through latest Late Triassic). The lower, predominantly limy 
part of the unit contains flat clam fragments and is Norian, 
likely middle to late Norian, whereas the upper quarter of the 
member is mainly chert, lacks flat clams, and is early to late 
Rhaetian. Two samples taken for conodonts from the limy part 
of the unit (one each from DDHs 927 and 1110) were barren 
(Dumoulin and others, 2006).

Radiolarian faunas of definitively Rhaetian age have not 
previously been reported from the Otuk Formation. This may, 
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Table 1. Radiolarian samples from the Siksikpuk and Otuk Formations, diamond-drill holes (DDHs) 927 and 1110.—Continued

[USGS, U.S. Geological Survey]

Sample no.
[USGS collection no.]

Unit [subunit] Radiolarian fauna Age

927-1885
[USGS DR 2534]

Siksikpuk Formation
[transitional subunit]

Barren, nothing but black, 
recrystallized shale fragments 
found in the acid residues.

Unknown

927-1817.2 
[USGS DR 2527]

Otuk Formation
[shale member] 

Barren, nothing but black, 
recrystallized shale fragments 
found in the acid residues.

Unknown

927-1786.5 
[USGS DR 2528]

Otuk Formation
[chert member]

Pantanellium ? virgeum Sashida
Spongostephanidium longispino-

sum Sashida
Protopsium sp. (abundant forms)
No Triassocampe sp. found

early Middle Triassic (Anisian); 
Hozmadia ozawai Zone of 
Ohtaka and others (1998).

927-1778.4 
[USGS DR 2536]

Otuk Formation
[chert member]

Spine fragments of ?Pseudosty-
losphaera sp.

?Middle Triassic

927-1774 
[USGS DR 2530]

Otuk Formation
[chert member]

Muelleritortis cochleata tumido-
spina Kozur

Pseudostylosphaera coccostyla 
coccostyla (Rüst)

Pseudostylospharea helicata 
(Nakaseko and Nishimura)

Pseudostylosphaera japonica 
(Nakaseko and Nishimura)

Triassocampe sp. 

Middle Triassic (Ladinian; prob-
ably early to mid-Ladinian); 
Pseudostylosphaera helicata 
assemblage of Sashida and 
others (1993).

927-1755.6 
[USGS DR 2535]

Otuk Formation
[chert member]

Muelleritortis cochleata tumido-
spina Kozur

Muelleritortis sp.
Pseudostylosphaera coccostyla 

coccostyla (Rüst)
Pseudostylosphaera sp. aff. Ps. 

goestlingensis (Kozur and 
Mostler)

Pseudostylosphaera nazarovi 
(Kozur and Mostler)

Triassocampe sp. (rare)
Other poorly preserved, unidenti-

fiable nassellarians. 

Middle Triassic (Ladinian, prob-
ably late Ladinian); Cryp-
tostephanidium sp. assemblage 
of Sashida and others (1993); 
Zones TR 3A and TR 3B of 
Sugiyama (1997). 

927-1752  
[USGS DR 2519]

Otuk Formation
[chert member]

Muelleritortis cochleata cochlea-
ta (Nakaseko and Nishimura)

Paronaella sp. aff. P. fragilis 
Kozur and Mostler

Pseudostylosphaera compacta 
(Nakaseko and Nishimura)

Pseudostylosphaera hellenica 
(DeWever)

Pseudostylosphaera japonica 
(Nakaseko and Nishimura)

Tritortis sp.

late Middle to early Late Trias-
sic (late Ladinian to early 
Carnian).

927-1732 
[USGS DR 2533]

Otuk Formation
[chert member]

A few poorly preserved radiolar-
ian casts and molds.

Unknown
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Table 1. Radiolarian samples from the Siksikpuk and Otuk Formations, diamond-drill holes (DDHs) 927 and 1110.—Continued

[USGS, U.S. Geological Survey]

Sample no.
[USGS collection no.]

Unit [subunit] Radiolarian fauna Age

927-1720
[USGS DR 2540]

Otuk Formation
[chert member]

All radiolarians very poorly 
preserved.

One isolated spine which could 
belong to the radiolarian 
family, Capnuchosphaeridae 
DeWever, emended Blome, 
1983.

A few conodont fragments. 

Late Triassic (?Carnian to late 
middle Norian). 

927-1666 
[USGS DR 2541]

Otuk Formation
[limestone member]

?Betraccium sp.
Canoptum sp.
Capnuchosphaera sp.
Livarella sp. aff. L. valida 

Yoshida
Pantanellium sp. aff. P. fosteri 

Pessagno and Blome
Sarla sp.

Late Triassic (late Norian); 
probably Betraccium deweveri 
Zone in Carter (1993) and Yeh 
(1992).

927-1632 
[USGS DR 2532]

Otuk Formation
[limestone member]

Canutus? ingrahamensis Carter
Canutus? beehivensis Carter
?Canutus sp.
Pantanellium sp. aff. P. kun-

gaense Pessagno and Blome
Proparvicingula moniliformis 

Carter (some displaying long 
horns) 

Late Triassic (early Rhaetian; 
Proparvicingula moniliformis 
Zone of Carter, 1993). 

927-1618.5 
[USGS DR 2538]

Otuk Formation
[limestone  member]

Citriduma asteroides Carter
Canutus? beehivensis Carter
Canutus? ingrahamensis Carter
Globolaxtorum tozeri Carter
Globolaxtorum cristatum Carter
Laxtorum sp. aff. L. kulense 

Blome
Orbiculiforma multibrachiata 

Carter
Proparvicingula moniliformis 

Carter

Late Triassic (late Rhaetian; 
Globolaxtorum tozeri Zone of 
Carter, 1993). 

1110-2047.2 
[USGS DR 2529]

Otuk Formation
[limestone  member] 

Black casts and molds of radio-
larians(?).

Unknown

1110-2067.5 
[USGS DR 2537]

Otuk Formation
[limestone  member] 

Canutus sp.
Laxtorum sp. 

Late Triassic (?Rhaetian) 

1110-2103.3 
[USGS DR 2539] 

Otuk Formation
[limestone member] 

Canoptum sp. aff. C. poissoni 
Pessagno

Canoptum sp.
Capnuchosphaera sp.
?Ferresium sp.
Livarella sp.
Pantanellium sp.
Podobursa-like nassellarian, 

figured in Pessagno and others 
(1979) 

Late Triassic (late middle Nori-
an; Pantanellium silberlingi 
Zone of Pessagno, 1979, and 
emended by Blome, 1984). 
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at least in part, reflect the fact that most studies of Otuk radio-
larians (for example, Blome and others, 1988) were carried out 
before the work of Carter (1993), who was the first to propose 
radiolarian zones for the Rhaetian in North America. However, 
regional correlations suggest that the cherty interval at the 
top of the Otuk that has yielded Rhaetian radiolarians in the 
Red Dog District may be missing or represented by a different 
facies to the east; this suggestion is further discussed below. 

Kingak(?) Shale
The Kingak Shale is of Jurassic through Early Cretaceous 

age in northern Alaska (Magoon and Bird, 1988). No age-
diagnostic fossils have been found in the Kingak(?) Shale in 
the Anarraaq area, but stratigraphic relations suggest an Early 
Jurassic (and younger?) age. Basal contact of the Kingak(?) 
with the limestone member of the Otuk Formation appears 
conformable and latest Triassic (late Rhaetian) radiolarians 
occur ~2 m (7 ft) below the contact in DDH 927 (fig. 4, table 
1). The paleosol horizon near the top of the Kingak(?) in 
DDH 1110 (Dumoulin and White, 2005) may correlate with 
exposure surfaces in Lower Jurassic strata of Kingak sections 
penetrated by wells on the North Slope (Houseknecht, 2001; 
Houseknecht and Bird, 2004). 

Depositional Setting
The Otuk Formation is generally thought to represent 

condensed, distal deposition on a broad, gently sloping marine 
shelf remote from clastic source areas (Bodnar, 1984; Young, 
2004). Kelly and others (2007) suggested mainly outer shelf to 
basinal settings for the section at Tiglukpuk Creek (fig. 1), and 
they interpreted intervals dominated by limestone, shale, and 
chert, respectively, as having formed in successively deeper 
water. Bodnar (1984) inferred that the shale through limestone 
members of the Otuk in the central Brooks Range formed 
during a single transgressive-regressive cycle, whereas Kelly 
and others (2007) proposed that most of the Otuk at Tiglukpuk 
Creek (upper shale member through limestone member) was 
deposited during three third-order cycles of marine transgres-
sion and regression. Ichnofabric and geochemical data suggest 
that the Tiglukpuk Creek Otuk section accumulated mainly 
in oxic and dysoxic environments, with the most organic-rich 
facies deposited in low-oxygen settings during transgression 
(Kelly and others, 2007). 

Lithologic and biotic data from the Otuk Formation 
and overlying Kingak(?) Shale in the Anarraaq area sup-
port much of the interpretation outlined above, and suggest 
deposition mainly in oxic to dysoxic, outer shelf and deeper 
settings below the carbonate compensation depth (CCD). 
Limy layers, with abundant calcareous fossil fragments and 
(or) fine-grained carbonate matrix, occur mainly in the lower 
parts of the shale and limestone members and imply that these 
intervals were deposited above the CCD. These observations, 

however, provide little constraint on absolute water depths, 
because the CCD varies greatly in space and time. The CCD 
is generally at ~3,000 to 5,000 m depth in modern oceans, but 
it decreases sharply adjacent to continental margins and may 
have been considerably shallower before mid-Mesozoic prolif-
eration of calcareous plankton (Berger and Winterer, 1974). 

Dark, organic-rich shale that makes up much of the lower 
half of the Otuk Formation and virtually all of the Kingak(?) 
Shale in DDH 927 is interpreted here as the predominant sedi-
ment type on the Otuk shelf. Paleontologic and geochemical 
data suggest that similar facies at Tiglukpuk Creek formed in 
poorly oxygenated settings (Bodnar, 1984; Kelly and others, 
2007). Thin layers of light-colored, silty shale to fine-grained 
sandstone found sporadically through the Otuk in DDH 927 
are likely distal turbidites, based on locally well-developed 
sedimentary structures such as normal size grading and paral-
lel and cross laminae (fig. 7E); some radiolarite layers appear 
graded and may also be turbidites (figs. 8C, 9E). Siliciclas-
tic detritus may have derived from eastern and (or) western 
sources (in present-day coordinates); this issue is considered 
further below.

Radiolarian chert, most abundant in the upper parts of 
the chert and limestone members of the Otuk Formation at 
Anarraaq, may have formed in the deepest water settings, as 
suggested by previous authors (for example, Kelly and others, 
2007). Oceanographic factors may also have affected distribu-
tion of this facies. Phosphatic intervals occur through much 
of the Shublik Formation in outcrop and subsurface and are 
thought to have accumulated in response to a marine upwell-
ing system that was initiated in the late Middle Triassic and 
persisted through the Late Triassic (Parrish and others, 2001; 
Kelly and others, 2007). Concentrations of radiolarians in the 
Otuk appear analogous to modern plankton accumulations 
in high-productivity upwelling zones; thus, thick intervals of 
radiolarian chert could indicate times of more intense upwell-
ing rather than specific water depths.

Much of the Otuk Formation and Kingak(?) Shale sec-
tion in DDH 927 is partly bioturbated (for example, fig. 8F), 
indicating that bottom waters were not anoxic. However, fos-
sils are predominantly pelagic (radiolarians) or opportunistic 
benthic forms suited to oxygen-deficient conditions (claraid, 
halobiid, and monotid bivalves; McRoberts, 2010), suggesting 
dysoxia was prevalent. The abundance of organic-rich shale is 
consistent with this interpretation, but it could also be due, at 
least in part, to the sediment-starved setting, which minimized 
dilution of organic matter by other detritus.

In summary, the Otuk Formation and Kingak(?) Shale 
in the Anarraaq area accumulated on the outer part of a broad 
marine shelf. Lithofacies and biofacies suggest dysoxic condi-
tions were common, and were likely caused, at least in part, 
by development of an oxygen-minimum zone associated with 
a marine upwelling system (Parrish and others, 2001; Kelly 
and others, 2007). Whole-rock geochemical analyses of the 
Anarrraaq section, the focus of a future study, should yield 
additional insights into oxygenation levels during deposition. 
Alternation of limestone, shale, and chert throughout the DDH 
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927 section likely reflects both eustatic and oceanographic 
factors. Limy intervals rich in bivalve fragments formed in 
the shallowest settings and are found in the lower shale, upper 
chert, and lower limestone members (fig. 6). This distribution 
supports the contention of Kelly and others (2007) that the 
Otuk records more than one transgressive-regressive cycle. 
Episodic influx of silt and fine sand, largely as distal turbidites, 
occurred throughout deposition of the Anarraaq section but 
was most pronounced during Early, Middle, and latest Triassic 
(Rhaetian) times.

Correlations
Detailed lithofacies of the Otuk Formation vary in con-

cert with changes in structural and stratigraphic position (for 
example, Mull and others, 1982; Bodnar, 1984; Young, 2004). 
In this section, we compare the Otuk succession in the Wolver-
ine Creek plate of the EMA to that found in several higher 
structural levels in the Red Dog area (figs. 2, 11). We then 
compare our section with Otuk successions that have been 
described to the west (Lisburne Peninsula) and east (Tigluk-
puk Creek; fig. 1).

Red Dog District

Detailed information on facies of the Otuk Formation in 
the Red Dog District come mainly  from drill-hole penetra-
tions of this unit in the Red Dog plate of the EMA, which 
structurally overlies the Wolverine Creek plate (Young, 2004). 
In addition, radiolarian faunas and some facies data are avail-
able from a section in the PCA at Punupkahkroak Mountain 
(Blome and others, 1988). 

EMA, Red Dog Plate
We examined the Otuk Formation in the Red Dog plate 

of the EMA, in drill core from DDH 1150C in the southern 
part of the Anarraaq deposit (fig. 2). No age control is avail-
able for this section. The chert member may be structurally 
thickened, and its upper contact is a fault. Contact between 
the shale member and the underlying Siksikpuk Formation 
is gradational. Both shale and chert members in DDH 1150C 
are generally similar to those in DDH 927; they differ mainly 
in containing few calcareous intervals but many horizons 
that are rich in barite. Bivalve fragments were not observed 
in any of our samples from DDH 1150C. Barite occurs as 
bladed crystals, commonly intergrown with pyrite or dolomite. 
The limestone member is typically thin (a few meters thick) 
or absent in the Red Dog plate; where present, it consists of 
cherty limestone and limy chert with rare to abundant monotid 
pelecypods (Young, 2004). An exposure of the limestone 
member in the Red Dog plate ~4 km east of Anarraaq (loc. 
66 in Dumoulin and others, 2006) contains rare monotids and 
radiolarians of late middle Norian (Pantanellium silberlingi 

Zone) age. The uppermost part of the Otuk in the Red Dog 
plate consists of 3 to 6 m of laminated black chert and shale. 
These strata were assigned to the Blankenship Member by 
Young (2004) but are undated and could be equivalent to the 
cherty (Rhaetian) upper part of the limestone member in DDH 
927.

Picnic Creek Allochthon

Exposures of the Etivluk Group at Punupkahkroak Moun-
tain, ~18 km west-southwest of Anarraaq (fig. 2), were previ-
ously considered part of the Ipnavik River Allochthon (Blome 
and others, 1988; Mayfield and others, 1990). More recent 
mapping (De Vera and others, 2004; Young, 2004) indicates 
that these strata are part of the PCA. Permian-Jurassic rocks 
in this allochthon are much chertier than coeval successions in 
the EMA; the Siksikpuk and Otuk Formations typically cannot 
be distinguished and are mapped as Etivluk Group undivided. 

About 90 m of the upper Etivluk Group at Punupkah-
kroak Mountain was briefly described by Blome and others 
(1988). No beds equivalent to the Siksikpuk Formation were 
recognized here. The section is mostly thin-bedded, dark 
gray to olive-gray chert, with 10 m of interbedded chert and 
limestone near the top of the section (fig. 11). Radiolarians 
indicate that the lowest rocks are Ladinian or early Carnian to 
late Carnian, overlain by early Norian to late middle Norian 
strata. The limy part of the section is late middle to late Norian 
and contains Monotis sp. About 10 m of chert at the top of the 
section produced radiolarian faunas that are late Norian and 
Early Jurassic (Hettangian, Hettangian-Sinemurian, and late 
Pliensbachian-Toarcian).

Lisburne Peninsula

Several sections of the Otuk Formation have been briefly 
described from the Lisburne Peninsula ~125 km west of the 
Red Dog District (figs. 1, 2). Young (2004) considered these 
rocks parautochthonous, but Mayfield and others (1988) 
included them in the EMA. The most detailed lithofacies and 
faunal data are available (Blome and others, 1988) from two 
partial, overlapping sections in the northwestern part of the 
peninsula near Cape Lisburne (figs. 1, 2, 11). In the Ayugatak 
Creek section, the Otuk conformably overlies the Siksikpuk 
Formation. Shale and chert members of the Otuk here are each 
~25 m thick and partly covered. The shale member consists 
of soft, black, sooty, calcareous shale that becomes more 
siliceous upward and contains the flat clam Daonella sp. near 
the top. Reddish-brown-weathering chert with shale partings 
makes up much of the chert member, with an interval of black 
sooty limestone and shale near the middle of the member that 
may be equivalent to the dark marker horizon in the Red Dog 
area. About 3 m of the limestone member—limestone beds 
with abundant monotid bivalves—form the upper part of the 
section, the top of which is truncated by Holocene erosion. 
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About 15 km to the west at Noyalik Peak, more of the 
upper part of the Otuk Formation can be seen. This section 
begins with the chert member, which is ~15 m thick and made 
up of dark gray to black chert with thin shale interbeds. Limy 
layers appear near the top of the member, and increase in 
abundance upward. The limestone member is ~10 m thick. It 
consists of ~5 m of partially silicified limestone, with local 
wispy bedding and coquinoid concentrations of monotid 
bivalves, overlain by an equal thickness of interbedded shale 
and chert. 

Detailed mapping by Moore and others (2002) indicated 
that as much as 5 m of sandstone occurs between the shale and 
chert members of the Otuk Formation in parts of northwestern 
Lisburne Peninsula. The sandstone may be a turbidite (T.E. 
Moore, U.S. Geological Survey, USGS, written commun., 
2011); it is very fine to fine-grained and made up of quartz, 
lithic grains, and lesser feldspar. Lithic grains include argil-
lite, chert, siltstone, granite, and carbonate (Moore and others, 
2002). 

Less is known about the Otuk Formation in the southern 
part of the Lisburne Peninsula, but its general stratigraphy 
appears similar to that seen in the north (Campbell, 1967; 
Blome and others, 1988). A chert-rich interval that lacks 
monotids also forms the uppermost part of the Otuk in this 
area; this cherty zone is as much as 10 to 13 m thick in several 
sections near Agate Rock (fig. 2).

Radiolarians and flat clams partly constrain the age of the 
Otuk Formation on the Lisburne Peninsula (Blome and others, 
1988; fig. 11). Daonella sp. near the top of the shale mem-
ber is late Anisian-middle Ladinian (McRoberts, 2010). The 
chert member is in part Carnian, and the monotid beds of the 
limestone member are middle and late Norian. Radiolarians 
from the lower part of the chert and shale interval at the top of 
the Otuk are also late Norian, but the uppermost beds of this 
interval have not been dated.

Central Brooks Range

Tiglukpuk Creek

The section of the Otuk Formation at Tiglukpuk Creek 
(fig. 1) is the most complete exposure of this unit in the central 
Brooks Range and has been investigated by a number of work-
ers (Bodnar, 1984; Blome and others, 1988; Kelly and others, 
2007; Whidden and others, 2012; this study). The Otuk here is 
~120 m thick, overlies the Siksikpuk Formation, and underlies 
the Lower Cretaceous Okpikruak Formation. Bodnar (1984) 
interpreted the lower contact as a disconformity marked by 
a paleosol, and the upper contact as a fault. The shale mem-
ber is ~50 m thick and consists of varicolored silty shale and 
siltstone with numerous limy and dolomitic interbeds. Pris-
matic bivalve fragments (?Claraia sp.) are found in some of 
the lower carbonate beds (this study), and Peribositria mimer 
of middle to late Smithian age (McRoberts, 2010) occurs 

slightly higher (Kelly and others, 2007). Chert and porcella-
nite make up much of the chert member, which is also ~50 m 
thick and contains subordinate interbeds of shale and carbon-
ate. Conodonts (Bodnar, 1984) of Anisian age (Orchard, 2010) 
and Ladinian, Carnian, and early to middle Norian bivalves 
(Bodnar, 1984; Kelly and others, 2007) constrain the age of 
this member. More than 30 thin layers of yellow claystone, as 
much as a few centimeters thick, occur through both the shale 
and chert members and are interpreted as bentonites (M. Wha-
len, oral commun., 2011). About 12 m of light gray, locally 
cherty, monotid-bearing limestone, with interbeds of gray and 
rare black shale, makes up the limestone member; bivalves 
indicate an age of middle and late Norian (Bodnar, 1984; 
Kelly, 2004; Kelly and others, 2007; Whidden and others, 
2012). These rocks are overlain by the Blankenship Member, 
here represented by ~9 m of thinly interbedded black shale and 
chert with Jurassic bivalves (Bodnar, 1984; Kelly and others, 
2007).

Discussion

Regional correlations outlined above indicate that lithofa-
cies in the Otuk Formation vary with both structural and geo-
graphic position (fig. 11). In the Red Dog District, the shale 
and chert members of the Otuk in the Wolverine Creek plate 
contain more limestone and less barite than equivalent strata 
in the structurally higher Red Dog plate of the EMA, and the 
limestone member in the Red Dog plate is thin or absent. In 
the PCA, which structurally overlies the EMA, rocks coeval 
with the Otuk (upper Etivluk Group) are mostly chert, with a 
monotid-bearing limy interval equivalent to the lower part of 
the limestone member in the Wolverine Creek section. Defini-
tively Rhaetian radiolarians have not been recognized in the 
PCA, but they might be expected to be present just below the 
Early Jurassic faunas at the top of the Etivluk in this alloch-
thon. A fauna collected near the top of the Etivluk Group in 
the PCA, ~ 40 km northeast of the Punupkahkroak Mountain 
section and ~32 northeast of Anarraaq, is of late Norian or 
Rhaetian age (loc. 33 in Dumoulin and others, 2006).

Lithofacies of the Otuk Formation also differ within the 
EMA from east to west. Both the shale and chert members 
in the Red Dog District contain less limestone than equiva-
lent strata at Tiglukpuk Creek. Monotid-bearing beds in the 
limestone member in the Red Dog District are overlain by an 
interval of chert and shale that is partly of Rhaetian age. No 
such beds occur to the east but lithologically similar, as yet 
undated strata that could be coeval are seen at the top of the 
Otuk on the Lisburne Peninsula. Bentonitic claystones like 
those at Tiglukpuk were not seen in the Red Dog area, but 
silty layers with notable feldspar grains, found in the Otuk of 
both the Wolverine Creek and Red Dog plates, could reflect a 
tuffaceous component.

The lithologic differences summarized above are  
consistent with the interpretation that Triassic and Lower 
Jurassic facies become increasingly more distal in higher 
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structural positions (Young, 2004) and perhaps also from 
east to west (Bodnar, 1984). Limestone decreases and chert 
increases, both east (Tiglukpuk) to west (DDH 927) and struc-
turally lower (Wolverine Creek plate of the EMA) to higher 
(PCA). The abundance of barite in the Otuk Formation in the 
Red Dog area, and particularly in the Red Dog plate, likely 
reflects local stratigraphy. World-class barite deposits in the 
underlying Lisburne Group in this area (for example, John-
son and others, 2004) would have provided a ready source of 
barium that could migrate upward and precipitate in overlying 
sediments (C.A. Johnson, written commun., 2011).

As noted above, the structural position of Triassic succes-
sions on the Lisburne Peninsula is uncertain (parauthochtho-
nous or EMA). Lithofacies and faunal data from these sections 
are still too sketchy to provide a definitive comparison with 
those of the Red Dog District. One particularly intriguing open 
question is whether undated chert and shale at the top of the 
Otuk on the Lisburne Peninsula correlates with lithologically 
similar Rhaetian strata in DDH 927, and/or with Early Jurassic 
rocks at the top of the Etivluk Group in the PCA.

Silt and sand grains and layers in the Otuk Formation 
have generally been thought of as sourced from the northeast 
(for example Bodnar, 1984), where silty and sandy facies such 
as the Ivishak Formation (Lower Triassic), the siltstone mem-
ber of the Shublik Formation (Middle Triassic), and the Karen 
Creek Sandstone (Rhaetian) accumulated through much of Tri-
assic time. Most silt and sand in the Otuk in DDH 927 indeed 
occurs in strata equivalent in age to these units. The presence 
of a thick sandstone layer in the Otuk on the Lisburne Pen-
insula (Moore and others, 2002), however, complicates the 
interpretation of siliciclastic provenance. Detrital zircon ages 
from this sandstone have a probability distribution like those 
of Triassic turbidites of the Chukchi Peninsula, northeastern 
Russia, and distinctly different from that of a sample of the 
Ivishak Formation (Miller and others, 2006), implying that 
western and eastern sources contributed detritus to Triassic 
sediments in northern Alaska. Analysis of detrital zircons from 
siliciclastic-rich layers in the Otuk of the Red Dog District and 
the central Brooks Range would improve our understanding of 
Triassic provenance patterns. 

Geochemistry of Organic Carbon
The stratigraphic variability of the concentration and 

stable isotopic composition of organic carbon in marine 
sediments can reveal important characteristics of the environ-
ments of sediment accumulation and the global carbon cycle. 
Changes in the global carbon cycle can lead to variations in 
the geochemistry of organic carbon, especially the stable iso-
topic composition, that can be correlated globally, providing 
markers that can be correlated with biostratigraphy and other 
lithostratigraphic variations (for example, Krull and others, 
2004; Tanner, 2010). In this section we describe the variations 
in total organic carbon (TOC) and carbon isotopic composition 

of organic carbon (δ13Corg) in the Permian to Jurassic age strata 
in DDH 927 and Triassic to Jurassic age strata in DDH 1110. 
Analytical methods and a table of measured values are pro-
vided in the appendix. 

TOC Measurements and Thermal Data

Total organic carbon (TOC) values of the Otuk Forma-
tion in DDHs 927 and 1110 (figs. 4, 6, table A1) are the first 
published from this unit in the western Brooks Range and, like 
those determined from equivalent strata in the central Brooks 
Range (Bodnar, 1984; Kelly and others, 2007), demonstrate 
that organic-rich shale with excellent potential as a hydrocar-
bon source rock is abundant and widely distributed through 
the unit. Shale containing >2 weight percent TOC occurs in 
all three members of the Otuk, as well as in the overlying 
Kingak(?) Shale. Limestone and chert were not analyzed for 
TOC in our study, which focused on determining the range of 
organic content in the mudrocks we encountered.

 Organic-rich shale is most abundant in the lower half 
of the Otuk Formation in DDH 927. Dark gray to black silty 
shale with 1.3 to 6.9 weight percent TOC (mean, 3.8; n=11; 
fig. 6) makes up ~60 percent of the shale member and ~10 
to 15 percent of the lower half of the chert member, and is 
interbedded in both members with light- to medium-gray silty 
shale that has 0.12 to 0.25 weight percent TOC (mean, 0.2; 
n=5). In the upper half of the Otuk, organic-rich shale is less 
common. More than half of the 2.4-m-thick dark marker hori-
zon near the top of the chert member consists of black shale 
to mudstone with up to 9.8 weight percent TOC (fig. 6). Shale 
in the lower part of the limestone member is light gray and 
contains little TOC (≤0.2 weight percent; fig. 4), but dark gray 
shale with as much as 3.8 weight percent TOC forms about 
one fifth of the upper part of the member (figs. 4, 6).

Kingak(?) Shale overlying the Otuk Formation in DDHs 
927 and 1110 is also organic rich. TOC values of 22 samples 
range from 1.3 to 6.5 weight percent (mean, 2.74), and three-
quarters of the values are ≥2.

High TOC values have been found in several fault-
bounded partial sections of the Otuk Formation from the Red 
Dog plate in the Anarraaq area. Samples of black silty shale 
from the shale member of the Otuk in DDHs 778 and 801 con-
tain 7.4 and 9.5 weight percent TOC, respectively (J. Slack, 
USGS, written communs., 2001, 2005). In both sections, dark 
shale is interbedded with pale to medium gray shale, siltstone, 
and siliceous mudstone that has little TOC (0.15–0.17 weight 
percent; n = 2).

The range of TOC values in the Otuk Formation at Anar-
raaq is similar to that reported from coeval strata in the central 
Brooks Range, but the distribution of values through the unit 
differs in part. At Tiglukpuk Creek (fig. 1), as in DDH 927, 
much of the shale member contains ≥2 weight percent TOC, 
and values are highest (~3–7 weight percent) in the upper 
half of the member (Kelly and others, 2007). Bodnar (1984) 
documents similar TOC patterns in the shale member of Otuk 
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sections at Encampment Creek and Okpikruak River, 15 and 
80 km west of Tiglukpuk. Black shale in the upper part of 
the chert member at Tiglukpuk Creek, like that in the dark 
marker horizon in DDH 927, is very organic rich with as much 
as 10.77 weight percent TOC (Kelly and others, 2007). But 
TOC values in the upper part of the Otuk in the central Brooks 
Range are higher than those of equivalent rocks at Anarraaq. 
Black shale in the limestone member contains as much as 8.55 
weight percent TOC at Tiglukpuk Creek (Kelly and others, 
2007) and 10.63 weight percent TOC at Otuk Creek in the Kil-
lik River quadrangle (Bodnar, 1984). TOC values as high as 8 
to 13.9 weight percent occur in black shale of the Blankenship 
Member at Otuk Creek and several other sections sampled by 
Bodnar (1984) and Kelly and others (2007).

TOC values of the Shublik Formation are generally low 
in outcrop but higher in the subsurface (Kelly and others, 
2007, and references therein). Carnian age organic-rich shale 
of the Shublik in the Phoenix #1 well off the north-central 
coast of Alaska (fig. 1; Robison and others, 1996; Blodgett and 
Bird, 2002) is broadly coeval with organic-rich shale in the 
dark marker horizon of the chert member in DDH 927.

Vitrinite reflectance (Ro) was measured by Weather-
ford Laboratories on two samples of black shale in order to 
assess the thermal maturity of the Otuk Formation in DDH 
927. Both samples are organic rich and come from the chert 
member (927–1,730 ft, 5.0 weight percent TOC; 927–1,778 
ft, 6.4 weight percent TOC). The Ro values of 2.45 and 2.47 
percent, respectively, indicate that both samples are in the dry 
gas window. Ro data are consistent with thermal alteration 
index values of amorphous kerogen and with fluorescence data 
obtained from these samples. These thermal maturity param-
eters are in turn consistent with regional estimates based on 
conodont color alteration index values of 2.5 to 3.5 (Dumoulin 
and others, 2004, 2006). Amorphous kerogen is more abun-
dant than terrestrial kerogen in both DDH 927 samples. Solid 
bitumen particles are common, suggesting that some liquid 
hydrocarbon has been generated from these rocks. 

Carbon Isotopes

A suite of δ13Corg data (n=38) from the upper Siksikpuk 
Formation through the Otuk Formation and into the Kingak(?) 
Shale in DDH 927 (fig. 12) shows a pattern of positive and 
negative carbon isotope excursions (CIEs) similar to those 
reported elsewhere in Triassic strata (Tanner, 2010, and 
references therein). The isotopic data, combined with sedi-
mentologic and paleontologic information discussed above, 
suggest that the Otuk section in DDH 927 represents a largely 
complete, albeit condensed, record of Triassic sedimentation. 
As stated in the section on TOC measurements, geochemical 
sample collection focused on mudrocks, therefore, sample 
spacing was not uniform.

Permian-Triassic Boundary
A distinct negative excursion in δ13Corg at the base of 

the Otuk Formation (carbon isotope excursion (CIE) 1, fig. 
12) likely correlates with a pronounced excursion that marks 
the Permian-Triassic boundary at many localities worldwide. 
This excursion has been found in both δ13Corg (organic) and 
δ13Ccarb (carbonate) from marine and terrestrial sediments at 
sites in the Tethyan and Neotethyan realms, regions bordering 
Panthalassa, and in South China (Tanner, 2010). The ubiquity 
and magnitude of this excursion have led to its use by many 
workers as a chemostratigraphic marker for the Permian-
Triassic system boundary (Krull and others, 2004; Tanner, 
2010); it is associated with a long-term offset to more nega-
tive carbon values across the system boundary (Retallack and 
Krull, 2006). 

In DDH 927, the excursion extends from ~16 m (54 ft) 
below the top of the Siksikpuk Formation to ~3.2 m (10.5 ft) 
above the base of the Otuk Formation (fig. 12). The magnitude 
of the excursion is −7.5‰ (permil, or parts per thousand; from 
−23.8 to −31.3‰; table 2), which falls in the middle of the 
range of magnitudes reported by Retallack and Krull (2006) in 
their compilation of both the transient δ13C excursion and the 
long-term offset of δ13C across the Permian-Triassic bound-
ary. These authors reported an average isotopic excursion at 
the system boundary, for organic carbon in both marine and 
nonmarine rocks, of −6.4±4.4‰ (n=30) with a range from 
−2.2 to −22.2‰; the average for marine rocks is −7.0±3.5‰ 
(n=14) with a range of −2.2 to −15‰ (table 2). The apparent 
long-term offset in average carbon values across the system 
boundary in DDH 927 is ~−5‰ (from ~−24‰ in the Perm-
ian to −29‰ in the Triassic), which falls in the −0.3 to −7.7‰ 
range for this parameter observed in marine and nonmarine 
rocks by Retallack and Krull (2006).

 Both the long-term offset and the transient excursion in 
δ13Corg at the Permian-Triassic boundary are greater at high 
latitudes (Retallack and Krull, 2006). Boundary excursion and 
long-term offset values in DDH 927 are most similar to those 
determined for marine organic carbon at two sites in Australia 
(Morante, 1996), in the Schuchert Dal Formation, Greenland 
(Twitchett and others, 2001), and in Festningen, Spitsbergen 
(Wignall and others, 1998), which have estimated paleolati-
tudes of −37±6°, -40±6°, +38±6°, and +46±6° respectively 
(table 2; Retallack and Krull, 2006). These compare well with 
paleolatitudes of ~+45–60° that have been proposed recently 
for northern Alaska during the Late Permian-Early Triassic 
(Scotese, 2001; Lawver and others, 2002; Kelly and others, 
2007; Colpron and Nelson, 2009).

Lithologic data, faunal data, and regional correlations 
support the implication of the isotopic data that DDH 927 
preserves a relatively complete Permian-Triassic boundary 
section. No age-diagnostic fossils have been found in the 
uppermost Siksikpuk Formation in the Red Dog District, but a 
conformable contact between the Sikisikpuk and the overlying 
Otuk Formation is suggested by the gradational, interbedded 
nature of this contact that is observed throughout the district 
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Figure 12. Diagram of δ13Corg data from 
the upper Siksikpuk Formation through 
the Otuk Formation and into the Kingak(?) 
Shale in diamond-drill hole (DDH) 927. 
Dark band shows “marker horizon” of 
Young (2004)—dm in figure 6—which 
includes black shale with as much as 
9.8 weight percent total organic carbon 
(TOC). B, bivalve fragments (?Claraia sp.) 
consistent with an earliest Griesbachian 
(earliest Triassic) age; A, Anisian 
radiolarians; R, late Rhaetian radiolarians. 
Numbers 1 through 7 indicate carbon 
isotope excursions (CIEs) discussed in 
the text. Placement of stage boundaries 
is constrained in the Lower Triassic by 
correlation of isotopic excursions, and 
in the Middle and Upper Triassic by 
radiolarian age data. Gri., Griesbachian; 
D., Dienerian; S., Smithian; Sp., Spathian; 
An., Anisian; Lad., Ladinian; Car., Carnian; 
Nor., Norian; Rh., Rhaetian. Griesbachian 
and Dienerian are equivalent to Induan 
Stage in Walker and Geissman (2009); 
Smithian and Spathian are equivalent 
to Olenekian Stage of these authors. U., 
upper; M., middle; L., lower. (See also 
tables 1, 2, and appendix.)
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(Young, 2004) and is well displayed in DDH 927. Basal Trias-
sic (early Griesbachian) strata occur in the Ivishak Formation 
in the northeastern Brooks Range as denoted by the presence 
of Claraia stachei (Detterman and others, 1975; McRoberts, 
2010). Bivalve fragments (Claraia sp.?) are found at several 
levels in the basal Otuk in DDH 927, including < 0.2 m below 
and <0.6 m above the peak of the negative carbon excursion 
(CIE 1; fig. 12); textural details of these fragments correlate 
well with those seen in photographs of Claraia cf. stachei in 
Boyd and Newell (1976).

Early Triassic

Another feature of the Otuk Formation δ13Corg record that 
can be correlated globally is a series of negative and positive 
excursions in the shale member. Lower Triassic sections that 
have been studied in detail display a series of “abrupt and 
profound variations” in δ13Corg and δ13Ccarb (Tanner, 2010, p. 
108). Retallack and others (2005, p. 12) suggested that “the 
sequence and magnitude of carbon isotope negative excursions 
[in the Early Triassic] can be used like a bar code for inter-
national correlation.” These authors document three nega-
tive δ13Corg excursions above the system boundary event in 
nonmarine sections of Antarctica and list other localities where 
coeval excursions in δ13Corg and δ13Ccarb can be found. The 
excursions and localities given by Retallack and others (2005) 
are (1) mid-Griesbachian (also in Austria, Armenia, Iran, 
Turkey, China, and Australia); (2) mid-Smithian (also in Utah, 
Pakistan, China, and Australia); and (3) end-Spathian (also in 
China). Tanner (2010) tabulated additional δ13Ccarb profiles that 
display these anomalies.

However, the δ13Ccarb data in Tanner (2010) also have two 
prominent positive anomalies that are thought to be global in 
extent; they span the Smithian-Spathian and Spathian-Anisian 
boundaries. These anomalies are absent from the δ13Corg 
profiles in Retallack and others (2005) but are present in the 
δ13Corg curve from Spitsbergen (Galfetti and others, 2007), 
although the Spathian-Anisian excursion in the Spitsbergen 
dataset is small. 

Our isotope data from the shale member in DDH 927 
define three distinct negative excursions above the boundary 
event (CIEs 2, 3, and 5, fig. 12) that occur within ~16 m (54 
ft) of section and could be coeval with the excursions identi-
fied by Retallack and others (2005). This correlation suggests 
that CIEs 2, 3, and 5 (fig. 12) are of mid-Griesbachian, mid-
Smithian, and late Spathian ages, respectively. These excur-
sions have magnitudes of 1.5, 3.5, and 2.3‰ (fig. 12) which, 
like those in the Antarctic strata, are smaller than the bound-
ary event excursion. Positive anomalies are also seen in the 
δ13Corg data from DDH 927. There is a slight positive excur-
sion between CIEs 3 and 5 that, if the age estimates above are 
correct, could represent the Smithian-Spathian boundary event 
(CIE 4, fig. 12). A much larger positive anomaly just above 
CIE 5 (CIE 6, fig. 12; >4‰) may be the Spathian-Anisian 
event; Anisian radiolarians were identified ~5 m above the 
start of this excursion (table 1, fig. 12).

Middle Through Early Late Triassic
Few δ13Corg analyses have been published from strata of 

Middle through early Late Triassic (Anisian-Carnian) age. The 
δ13Ccarb curves available from this time indicate that, after the 
positive excursion at the base of the Anisian, uniformly low 

Table 2. Selected carbon isotope excursion (CIE) values from the Permian-Triassic boundary.

[DDH, diamond-drill hole; ‰, permil, or parts per thousand]

Data set
Excursion
magnitude

Long-term offset
Estimated

paleolatitude1 CIE data sources

DDH 927 −7.5‰ ~ −5‰ ~+45–60° This paper

Fishburn-1, Australia −8‰ −6.6‰ −40±6° Morante (1996)

Paradise 1-6, Australia −9.4‰ −7.7‰ −37±6° Morante (1996)

Schuchert Dal, Greenland −9‰ −6‰ +38±6° Twitchett and others 
(2001)

Festningen, Spitsbergen −5.6‰ −5.3‰ +46±6° Wignall and others (1998)

Global average (range), 
marine rocks, n=14

−7±3.5‰
(−2.2 to −15‰)

(−0.3 to −7.7‰) Retallack and Krull 
(2006)

Global average (range), 
marine and nonmarine 
rocks, n=30

−6.4±4.4‰
(−2.2 to −22.2‰)

(−0.3 to −7.7‰) Retallack and Krull 
(2006)

1For DDH 927, from Scotese (2001), Lawver and others (2002), Kelly and others (2007), Colpron and Nelson (2009); all others from Retallack and Krull 
(2006).
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values prevailed through most of the Middle Triassic (Tanner, 
2010). Values began to rise near the top of the Ladinian, and 
continued to rise through the Carnian (data summarized in 
Tanner, 2010). 

The Middle Triassic section in DDH 927 is chert rich and 
condensed. Sparse δ13Corg values from this interval (fig. 12) 
are low near the base of the Ladinian, and then higher near the 
middle of the chert member, in strata that are likely Carnian. 
Lower values occur in the organic-rich marker horizon near 
the top of the member. 

Triassic-Jurassic Boundary
A number of δ13Corg profiles have been published for 

Norian and Rhaetian strata and the Triassic-Jurassic bound-
ary. Data from western Canada suggest constant values 
across the Carnian-Norian boundary (Williford, Orchard, and 
others, 2007). Profiles across the Norian-Rhaetian boundary, 
also from western Canada, have been variously interpreted. 
Sephton and others (2002) reported a significant and extended 
positive excursion at this boundary in a section in British 
Columbia. Ward and others (2004) also reported a positive 
CIE from this time interval in the Queen Charlotte Islands, 
which they interpreted as coeval with the demise of monotid 
pectens and a shift from bioturbated to laminated facies. 
However, a more detailed reanalysis of the Queen Charlotte 
Islands section by Williford, Ward, and others (2007) indicated 
short-term variability but no clear excursion.

A significant negative excursion in δ13Corg has been recog-
nized at a number of marine sections near the Rhaetian-earliest 
Jurassic (Hettangian) boundary. Data summarized by Tanner 
(2010) from sections in England, Hungary, Nevada, and west-
ern Canada indicate an excursion of ~2 to 4‰ from a baseline 
of ~-26 to -29‰. In several of these sections, the negative CIE 
is followed by a strong positive excursion in the Hettangian 
(Tanner, 2010).

Carbon isotope data from Upper Triassic strata in DDH 
927 are sparse, but a high δ13Corg value (−26.8‰) was found 
in strata of latest Norian or earliest Rhaetian age that lack 
monotid bivalves (fig. 12). Much lower values occur near 
the top of the Otuk Formation and persist into the overlying 
Kingak(?) Shale (CIE 7, fig. 12). Values remain low through-
out the Kingak(?) and mostly range from −30.4 to −31.6‰, 
with two slightly higher values of −29.5 and −30.0‰. Data 
from DDH 1110 (appendix, table A1) show a similar pattern. 
A single sample near the base of the limestone member, in 
rocks of middle or slightly older Norian age, has a relatively 
high value of −27.8‰. Much lower values (−30.1 to −30.9‰) 
occur in the uppermost Otuk, where three samples in strata 
of probable Rhaetian age define a negative trend. Even more 
depleted compositions (−31.2 to −33.5‰) are found through 
the overlying Kingak(?). 

The low δ13Corg values in the uppermost Otuk Formation 
in the Anarraaq drill holes may correlate with the negative 
excursion documented by Tanner (2010) at the Triassic-
Jurassic boundary, but the sparsity of our data and the lack of 

age control for the Kingak(?) Shale render this interpretation 
uncertain. Our δ13Corg profiles differ in several respects from 
those shown by Tanner (2010). Although our curves show 
negative shifts in the Late Triassic that are comparable in mag-
nitude to shifts seen in other sections, radiolarian data indicate 
that shifts in the Red Dog area took place over a greater time 
span. Profiles in Tanner (2010) show sharp decreases of ~2 to 
4‰ in the late Rhaetian. Curves in DDHs 927 and 1110 show 
decreases of similar magnitude (4.7‰ and 3.1‰, respec-
tively), but these depletions began in the Norian and continued 
through the Rhaetian. In addition, only a moderate recovery 
(increase of ~1.5‰) is seen in the basal part of the Kingak(?) 
Shale in DDH 927. In DDH 1110, δ13Corg values continue to 
decrease across the boundary into the Kingak(?), and then 
remain generally low (with some fluctuation) throughout 
the unit. Profiles in Tanner (2010) show values that increase 
by ~1.5 to 3‰ in the basal Hettangian, with even greater 
increases slightly higher in this stage. Regionally, the basal 
Kingak Shale is Hettangian (Houseknecht and Bird, 2004) 
and a Hettangian age for the basal Kingak(?) in the Anarraaq 
area is reasonable. But at present, there is no way to estimate 
how much of the Kingak(?) in these drill holes might be post-
Hettangian, or to assess whether disconformities are present in 
the section. Additional isotope and biostratigraphic data from 
DDH 927 and 1110 may help to resolve these questions. 

Isotopic Data from Correlative Sections

Preliminary δ13Corg profiles from the Otuk Formation 
at Tiglukpuk Creek and from the Shublik Formation at Fire 
Creek were presented by Whalen and others (2006). The 
Fire Creek profile cannot readily be compared with the Red 
Dog profile, because the Shublik is mainly Middle Triassic 
and younger and relatively few isotopic data points of this 
age were obtained from the Otuk in DDH 927. However, the 
general stratigraphy of the Otuk at Tiglukpuk Creek is quite 
similar to that in the Anarraaq area, and the isotope profile is 
also similar. Neither the Sikiskpuk Formation nor the basal 
few meters of the Otuk were sampled at Tiglukpuk, but the 
profile begins with a negative offset that may correlate with 
the upper part of the Permian-Triassic boundary excursion. 
Three negative excursions occur above this in the shale 
member and could correlate with CIEs 2, 3, and 5 in the shale 
member in DDH 927, but a large positive excursion is seen 
above the lowest of these at Tiglukpuk that has no counterpart 
in the Anarraaq data set. Conversely, no equivalent of CIE 6 
has been found at Tiglukpuk. As in the Anarraaq drill holes, 
δ13Corg values at Tiglukpuk become depleted in the upper part 
of the Otuk, but the age of these strata is not well constrained; 
Rhaetian rocks may be absent (Bodnar, 1984; Kelly and oth-
ers, 2007). 
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Conclusions

Our study of a complete, structurally uncomplicated 
subsurface section of the Otuk Formation in the Red Dog 
District in northwestern Alaska has implications for petroleum 
geology, regional paleogeography, and global carbon iso-
tope stratigraphy. Here, in the structurally lowest (Wolverine 
Creek) plate of the EMA, the Otuk is ~82 m thick, grada-
tionally overlies the Siksikpuk Formation, and conformably 
underlies the Kingak(?) Shale. The Otuk consists of shale, 
chert, and limestone members, and ranges from Early through 
latest Triassic (Rhaetian) age. Dark gray to black silty shale 
(1.3-6.9 weight percent TOC) makes up more than half of 
the shale member and ~10 to 15 percent of the lower chert 
member. A distinctive dark marker horizon, 2.4 m thick, near 
the top of the chert member is mostly dark mudstone with as 
much as 9.8 weight percent TOC. Dark shale (as much as 3.8 
weight percent TOC) forms ~20 percent of the upper part of 
the limestone member. The Kingak(?) Shale is also organic-
rich (1.3–6.5 weight percent TOC). These units accumulated 
mainly in outer shelf, poorly to moderately oxygenated set-
tings; regional correlations suggest that lithofacies become 
increasingly distal in higher structural positions and within 
a single structural level from east to west. δ13Corg data from 
the upper Siksikpuk through the Otuk and into the Kingak(?) 
Shale show negative and positive excursions strikingly similar 
to those reported for other Triassic sections. In particular, a 
large negative excursion at the base of the Otuk likely cor-
relates with a marked excursion found at the Permian-Triassic 
boundary at many localities worldwide.
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Samples of drill core (1–2 cm thick) were collected at 
specific measured depths in the core. All samples from DDHs 
927 and 1110 and analytical results of measurements of TOC 
and δ13Corg are given in table A1. Unless indicated as single 
measurements, all results in table A1 are means and standard 
deviations for 2 to 5 analyses of each sample. 

Core samples were sent to Geochemical Testing, Inc., 
for grinding and initial measurement of weight percent TOC. 
Ground samples were dried at 60 °C (degrees Celsius); multi-
ple aliquots of each sample were weighed into silver foil cups 
and fumigated with HCl vapor to remove carbonate carbon as 
described in Dennen and others (2006). Fumigated samples 
were dried and silver cups containing powdered samples were 
distributed to USGS laboratories in Reston, Virginia, Denver, 
Colorado, and Menlo Park, California as well as to the Woods 
Hole Oceanographic Institution in Massachusetts. Analytical 

Appendix—Samples and Methods for Organic Carbon Analysis

standards, described in Dennen and others (2006), were pre-
pared in the same way and distributed to each laboratory for 
analysis with the unknowns.

Isotopic measurements were made by combustion of the 
samples in an elemental analyzer coupled to a continuous-
flow isotope ratio mass spectrometer. The results are reported 
in δ-notation, where δ (in per mil) = ((RSA−RST)/RST) × 1,000, 
and RSA and RST refer to the ratio 13C/12C in the sample and the 
Vienna Pee Dee Belemnite standard (VPDB), respectively.

Standard deviations averaged ±0.45‰, which is larger 
than the standard deviation of ±0.1‰ reported by Dennen and 
others (2006) for standards. This is assumed to reflect hetero-
geneity in the samples. Note that the largest standard devia-
tions (table A1) correspond to samples with the lowest content 
of TOC, which are the most difficult to analyze precisely.

Table A1. Organic carbon data from diamond-drill holes (DDHs) 927 and 1110.—Continued

[cm, chert member; lm, limestone member; sm, shale member; TOC, total organic carbon; C, carbon; wt%, 
weight percent; Std. dev., standard deviation]

Field ID
Diamond- 
drill hole 

(DDH)
Unit

Core 
depth, in 

feet

TOC Carbon isotopes

Mean 
wt% C

Std. dev. 
wt% C

 Mean  
δ13C

Std. dev. 
δ13C

04RCB23 927 Kingak(?) 1,502 2.04 0.14 −31.6 0.28
04RCB22 927 Kingak(?) 1,512.1 3.7 0.013 −31.5 0.163
04RCB21 927 Kingak(?) 1,528.5 1.3 0.001 −29.5 0.527
04RCB20 927 Kingak(?) 1,543 1.7 0.001 −30.8 0.177
02RCB46 927 Kingak(?) 1,552.0 2.02 0.16 −30.8 0.35
02RCB45 927 Kingak(?) 1,563.5 1.76 0.24 −30.5 0.40
02RCB44 927 Kingak(?) 1,572.4 2.11 0.28 −31.3 0.50
02RCB43 927 Kingak(?) 1,582.5 1.32 0.07 −30.0 0.33
02RCB42 927 Kingak(?) 1,586.5 1.47 0.12 −30.4 0.33
02RCB41 927 Kingak(?) 1,598.5 1.66 0.36 −30.7 0.36
02RCB30 927 Kingak(?) 1,610.5 3.67 0.55 −31.4 0.46
04RCB18 927 Otuk lm 1,619 1.2 0.041 −31.5 0.099
04RCB19 927 Otuk lm 1,637.3 3.4 0.085 −31.1 0.441
02RCB28 927 Otuk lm 1,649 0.24 0.01 −26.8 1.68
04RCB15 927 Otuk cm 1,725.5 9.8 0.852 −29.6 0.146
02RCB26 927 Otuk cm 1,730.2 2.48 0.23 −30.2 0.36
04RCB14 927 Otuk cm 1,740 0.3 single 

value
−27.8 single 

value
04RCB13 927 Otuk cm 1,762.9 5.78 0.18 −30.8 0.33
04RCB01 927 Otuk cm 1,775.5 0.2 0.011 −24.8 0.087
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Table A1. Organic carbon data from diamond-drill holes (DDHs) 927 and 1110.—Continued

[cm, chert member; lm, limestone member; sm, shale member; TOC, total organic carbon; C, carbon; wt%, 
weight percent; Std. dev., standard deviation]

Field ID
Diamond- 
drill hole 

(DDH)
Unit

Core 
depth, in 

feet

TOC Carbon isotopes

Mean 
wt% C

Std. dev. 
wt% C

 Mean  
δ13C

Std. dev. 
δ13C

04RCB02 927 Otuk sm 1,803 0.25 0.02 −24.2 0.87
02RCB24 927 Otuk sm 1,805 0.12 0.06 −28.6 1.95
02RCB23 927 Otuk sm 1,815.5 5.77 0.59 −29.5 0.39
04RCB03 927 Otuk sm 1,819.3 6.51 0.66 −30.5 0.28
02RCB22 927 Otuk sm 1,823.2 6.85 0.42 −28.2 0.49
04RCB04 927 Otuk sm 1,827.6 1.29 0.08 −31.5 0.32
02RCB21 927 Otuk sm 1,831.7 2.94 0.09 −32.0 0.41
02RCB20 927 Otuk sm 1,842 0.19 0.13 −29.6 1.27
02RCB18 927 Otuk sm 1,851 0.19 0.05 −28.5 1.00
02RCB13 927 Otuk sm 1,856.6 3.22 0.24 −30.1 0.14
02RCB17 927 Otuk sm 1,858 2.43 0.17 −29.6 0.06
02RCB19 927 Otuk sm 1,859 2.40 0.19 −28.6 0.22
04RCB05 927 Otuk sm 1,870.5 3.2 0.065 −31.3 0.254
04RCB06 927 Otuk sm 1,876.5 1.4 0.001 −28.3 0.237
04RCB07 927 Siksikpuk 1,889.5 0.3 0.002 −26.5 0.043
04RCB09 927 Siksikpuk 1,918 0.2 0.001 −24.6 0.346
04RCB10 927 Siksikpuk 1,934 0.6 0.003 −23.8 0.041
04RCB11 927 Siksikpuk 1,950.7 0.2 0.008 −24.0 0.126
04RCB12 927 Siksikpuk 1,963 0.4 single 

value
−24.3 single 

 value
04RCB66 1110 Okpikruak 1,931.5 1.82 0.09 −31.26 0.34
04RCB65 1110 Okpikruak 1,935.0 0.37 0.01 −30.49 0.95
04RCB64 1110 Kingak(?) 1,939.5 2.52 0.02 −33.46 1.69
04RCB63 1110 Kingak(?) 1,943.8 4.69 0.12 −32.53 0.39
04RCB62 1110 Kingak(?) 1,959.0 6.53 0.11 −32.80 0.30
04RCB61 1110 Kingak(?) 1,967.0 3.84 0.06 −33.12 0.53
02RCB50 1110 Kingak(?) 1,972.0 3.14 single 

value
−31.34 single 

value
04RCB60 1110 Kingak(?) 1,987.0 3.51 0.06 −32.59 0.29
04RCB59 1110 Kingak(?) 2,009.0 4.01 0.04 −32.15 0.65
02RCB51 1110 Kingak(?) 2,019 2.10 0.13 −31.24 0.09
04RCB58 1110 Kingak(?) 2,026 2.4 0.1 −31.2 0.3
04RCB57 1110 Kingak(?) 2,038.0 2.50 0.11 −31.65 0.39
04RCB56 1110 Kingak(?) 2,045.0 2.24 0.10 −31.51 0.36
04RCB55 1110 Otuk lm 2,046.5 1.92 0.06 −30.92 0.40
04RCB54 1110 Otuk lm 2,052 3.7 0.2 −30.4 0.3
04RCB53 1110 Otuk lm 2,059.3 2.01 0.11 −30.09 0.43
04RCB52 1110 Otuk lm 2,072.5 3.78 0.03 −30.91 0.27
04RCB46 1110 Otuk lm 2,184 0.2 0.0 −27.8 0.8
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