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Foreword

This volume ofShort Notes on Alaska Geology 198%he
tenth volume in the series begun by the Alaska Division of
Geological & Geophysical Surveys (DGGS) in 1976. The
Short Noteseries was started as a vehicle in which to sum-
marize significant observations on Alaska geology that oth-
erwise might not find their way into accessible literature.
From the outset an effort has been made to attract the contri-
butions of geologists from the public, private, and academic
sectors of Alaska’s geologic community.

DGGS has a mandate to advance the knowledge of the ge-

STATE OF ALASKA ology of Alaska. Clearly, that task is too large to undertake
Tony Knowles,Governor alone. By working together, much more can be accom-
plished. I would like to reemphasize the inclusive nature of

DEPARTMENT OF this publication. | strongly encourage readers of this issue

NATURAL RESOURCES

: o to become participants in our next volume. In a very real
John T. ShivelyCommissioner

sense, th&Short Notesseries is a publication of Alaska’s

DIVISION OF GEOLOGICAL & entire geologic community.
GEOPHYSICAL SURVEYS ) o
Milton A. Wiltse Authors, as well as readers, benefit from contributions. The
State Geologist and Director publication process is an effective mechanism for clarify-

ing thoughts and eliciting focused comments and pertinent
insight from professional peers. Many of you have interest-
ing geologic stories to tell, and all of us would learn from
reading about your observations and insights. | know that
our colleagues in the private sector are working in areas
that are not on the near-term agendas of any government
agencies. Our colleagues in academia are pursuing specific
Alaska Division of Geological & problems that are outside the charter of either the private

Geophysical Surveys sector or government geologists.
Attn: Geologic Communications Section
794 University Avenue, Suite 200
Fairbanks, Alaska 99709-3645
http://wwwdggs.dnr.state.ak.us

Division of Geological & Geophysical Surveys
publications may be inspected at the following
locations. Address mail orders to the Fairbanks
office.

| believe that all those who have contributed to the present
issue as authors, reviewers, editors, and publication staff

dggspubs@dnr.state.ak.us can take a great deal of pride in the fact that they have in-

deed advanced the state of knowledge of the geology of

Department of Natural Resources Alaska. Those of us who are recipients of their work are in
Public Information Center their debt
3601 C Street, Suite 200 eir aebt.

Anchorage, Alaska 99510
Sincerely,

This publication, released by the Division of Geological . .

& Geophysical Surveys, was produced and printed in m 4 M%@
Fairbanks, Alaska by the University of Alaska Printing

Services, at a cost of $9.00 per copy. Publication is  Milton A. Wiltse

required by Alaska Statute 41, “to determine the poten- State Geologist and Director

tial of Alaskan land for production of metals, minerals,
fuels, and geothermal resources; the location and sup-
plies of groundwater and construction materials; the

potential geologic hazards to buildings, roads, bridges,

and other installations and structures; and shall conduct
such other surveys and investigations as will advance
knowledge of the geology of Alaska.”
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GEOCHRONOLOGIC INVESTIGATIONS OF MAGMATISM AND
METAMORPHISM WITHIN THE KIGLUAIK MOUNTAINS
GNEISS DOME, SEWARD PENINSULA, ALASKA

by
Jeffrey M. Amato! and James E. Wright?2

ABSTRACT

Geologic mapping and detailed U-Pb geochronologic investigations with monazite and zircon have shown
that metamorphism and magmatism are spatially and temporally related in the Kigluaik gneiss dome,
exposed in the Kigluaik Mountains, Seward Peninsula, Alaska. Protolith ages from this high-grade
metamorphic culmination range from Late Proterozoic through Devonian based on existing fossil data and
new U-Pb zircon dates of 678 + 4 Ma and 555 + 15 Ma from orthogneiss within the metasedimentary
section. A pre-120 Ma blueschist-facies metamorphism that likely affected the entire crustal section was
followed by a thermal overprint that increased in metamorphic grade with structural depth from
subgreenschist facies to granulite facies. Limited magmatism occurred at ~110-105 Ma based on U-Pb
zircon dates from minor orthogneiss bodies, and these highly strained rocks indicate that significant
deformation was associated with the thermal overprint. The high-temperature overprint has a minimum
age of 91 Ma, based on U-Pb analyses of monazite from orthogneiss and metapelite and from pegmatite
derived from partial melting of metasedimentary rocks. Monazite dates of 94-98 Ma may reflect incomplete
resetting at 91 Ma. Extensive detailed U-Pb dating of zircon from the mafic root of the Kigluaik pluton
using conventional and step-wise HF dissolution techniques yielded a 90 + 1 Ma intrusive age, suggesting
that mantle-derived magmatism was the heat source for high-temperature metamorphism. Diabase dikes
cut the pluton, and similar dikes in the country rock intruded at B3a, based ofPAr/3°Ar dating of

biotite and hornblende.

INTRODUCTION

An integral part of the analysis of deformed highdetermine the spatial relationships between the pluton
grade gneiss terranes is understanding the tempamatl metamorphic rocks, and on U-Pb dating of zircon
relationships between magmatism and metamorphistm.determine the pluton emplacement ages. Because of
In the upper and upper middle crust, peak metamorphie high grade of metamorphism, we used U-Pb
temperatures are often low enough th%&r/3°Ar  techniques on monazite, an igneous and metamorphic
geochronologic techniques can accurately constrain tinéneral with a high closure temperature, to attempt to
timing of metamorphism and associated deformati@onstrain the peak metamorphic age. Tectonic models
(Foster and others, 1992). However, in the middle aadd a petrogenetic investigation of the Kigluaik pluton
lower crust, metamorphic temperatures can greatgn be found in Amato and others (1994), Amato (1995),
exceed the Ar closure temperatures for commamd Amato and Wright (1997).
metamorphic minerals such as mica or amphibole, and This paper summarizes U-Pb dating of Precambrian-
40Ar/3%Ar dates will give only a minimum age for peakCambrian orthogneisses, U-Pb dating of Cretaceous
metamorphism. Such is the case in the Kigluaik gneigsetamorphism in the gneiss dome, and a detailed step-
dome, a high-grade metamorphic culmination in theise HF dissolution U-Pb experiment on zircon from
Kigluaik Mountains, located on the Seward Peninsuthe Kigluaik pluton, which we conducted after the
of Alaska (fig. 1). This gneiss dome is cored by publication of our initial U-Pb results (Amato and others,
compositionally diverse granitoid pluton that may havé994). This experiment successfully yielded ages of
provided the heat necessary for upper-amphibolite fac@ystallization for a pluton that presented several
to granulite facies metamorphism, possibly above 750&@alytical difficulties because of the characteristics of
in this region (Lieberman, 1988). To test the hypothesis zircon population. We also includ@Ar/3°Ar data
that plutonism may have been a driving force fdrom the youngest magmatic event in the Kigluaik
metamorphism, we have relied on geologic mapping kdountains, the intrusion of a diabase dike swarm.

1Department of Geological and Environmental Sciences, Stanford University. Now at Department of Geology and Geophysitg,dfiniversi
Wisconsin, Madison, Wisconsin 53706.
2Department of Geology and Geophysics, Rice University, Houston, Texas 77001.
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Figure 1.Regional map showing the boundaries of the Late Cretaceous magmatic belt in the Russian Far East, Seward
Peninsula, and interior Alaska. Also shown are the major physiographic elements of northern Alaska. SP= Seward Peninsula,
YKB= Yukon-Koyukuk basin, RG= Ruby geanticline, YT= Yukon-Tanana upland.

GEOLOGIC BACKGROUND minerals found in the Nome Group provide evidence
for this high-pressure metamorphic event that likely
The Kigluaik Mountains gneiss dome is affected both the Nome and Kigluaik Groups. The first
metamorphic and structural culmination of uppemdetailed analysis of the age of the blueschist-facies event
amphibolite to granulite-facies paragneisses amdhs by Armstrong and others (1986), who used Rb-Sr
orthogneisses referred to as the Kigluaik Group (fig. Bochron and K-Ar ages of whole rock and white mica
(Moffit, 1913). The gneiss dome is cored by the Kigluailkkom Nome Group schists to conclude that the
pluton and flanked by the structurally higher (but lowefmaximum” of the high-pressure event was pre-160 Ma,
grade) Nome Group, which consists of quartzose aadd that the rocks reequilibrated during the time span
pelitic schist, marble, metabasite, and rare felsi60 to 100 Ma.
orthogneiss (Moffit, 1913; Till and Dumoulin, 1994).
Previous studies of the geology of the Kigluaik
Mountains include USGS reconnaissance mapping
(Brooks and others, 1901; Moffit, 1913; Hummel, 196Zigure 2.Simplified geologic and sample locality map of the
Sainsbury and others, 1972; Till and others, 1986), Kigluaik Mountains, after Amato (1995). Structural data
investigations of metamorphic conditions in the core of are omitted for clarity. The range forms a doubly plunging
the gneiss dome (Lieberman, 1988; Patrick and antiform or dome, with the dominant axis trending east-
Lieberman, 1988; Todd and Evans, 1993), and structural west. The Kigluaik pluton is exposed. primarily in the west
and geochronologic studies (Miller and others, 1992; Nalfof the dome. The Nome Group-Kigluaik Group contact
Amato and others, 1994 Amato, 1995). is at the biotite-in isograd. Key for U-Pb zircon geo-
R ’ ! chronology samples (see table 1 for exact location of all
Both the Kigluaik and Nome Groups have Late geqchronology samples, including U-Pb monazite
Proterozoic to Paleozoic protolith ages (Tilland Dumou- samples): 1 = 92.5A-139, 2 = 92.4A-120, 3 = 92.4A-119,
lin, 1994) and were metamorphosed to blueschist and 4 = 87AH-58, 5 = 90P12-5, 6 = SP90-6, 7 = 86SB69-1,
lower greenschist facies. Relict blueschist-facies 8 = 87SB65-5.
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A reevaluation of the age of blueschist-faciesnderlain by older, unfossiliferous metasedimentary
metamorphism in the Nome Group was reported mocks that may be Precambrian. Similarly, it was
Hannula (1993) and Hannula and McWilliams (1995assumed that the lack of fossils in the underlying
They extensively sampled Nome Group schists atkigluaik Group indicated Precambrian protoliths for the
variety of structural levels, including schists fronhigh-grade paragneisses. Till and others (1986)
localities reported in Armstrong and others (1986), arsimmarized fossil evidence that indicated that Cambrian
they used high-precisiofPAr/3°Ar techniques to date to Devonian carbonate rocks were present in the Nome
white mica. Samples from the upper part of the structu@toup on the western Seward Peninsula. Rb-Sr model
section yielded plateau ages of 116-125 Ma, which thdgtes from the Nome Group, where an inf#farfeSr
interpreted as the minimum age for high-pressufer the rocks is assumed and an age is calculated, fall
metamorphism. White mica from rocks at deepevithin the range 464 Ma to 538 Ma (Armstrong and
structural levels that were affected by Cretaceous higithers, 1986). Patrick and McClelland (1995) reported
temperature metamorphism vyielded disturbed spectiaPb zircon ages of 676 + 15 Ma and 681 + 3 Ma from
that ranged from 123 Ma to 334 Ma. Hannula artavo felsic orthogneiss bodies that intrude the Nome
McWilliams (1995) interpreted these old dates as tii&roup.
result of the incorporation of exceSar. The protoliths of the Kigluaik Group are thought to

Following the blueschist metamorphism, uppeibe about the same age as (or possibly older than) those
amphibolite-facies to granulite-facies metamorphisof the Nome Group based on lithologic similarities.
associated with the development of the gneiss domenker and others (1979) reported a Rb-Sr whole-rock
achieved peak conditions of 800-850°C and 8-10 kbi@ochron age of 735 Ma from a Kigluaik Group
(Moffit, 1913; Throckmorton and Hummel, 1979 paragneiss, which they interpreted to be the age of high-
Lieberman, 1988) and caused thermal overprinting tfmperature metamorphism. Armstrong and others
blueschist-facies rocks. Closely spaced Barrovian-ty(E986) reinterpreted this as a depositional age for the
isograds separating the Nome Group from the underlyikggluaik Group protoliths, but cautioned that Rb and Sr
Kigluaik Group indicate a high metamorphic fieldnobility during metamorphism likely introduced
gradient, which was originally interpreted as the resugdignificant uncertainty. A Rb-Sr whole-rock isochron
of a static, high-temperature overprint associated witlate of 335 Ma from orthogneisses within both the Nome
the relaxation of isotherms following blueschist-facieGroup and Kigluaik Group was interpreted as the result
metamorphism (Lieberman, 1988; Patrick and Evarsf partial resetting of Precambrian ages during
1989). Other workers, however, have suggested tl@etaceous metamorphism (Bunker and others, 1979).
extensional deformation associated with unroofing of
the gneiss dome was responsible in part for telescopEW U-PB ZIRCON DATA FROM

the crustal section and collapsing the isograds (Mi”WRECAMBRIAN-PALEOZO|C
and others, 1992). The dominant foliation and |ayerir@RTHOGNEISSES

within the Kigluaik Group defines an east-west-trending;,

doubly plunging arch that is cored by the Kigluaik pluton To obtain a minimum age of the protoliths of the
in the western half of the range and cut by a swarmbme Group and the Kigluaik Group, we dated an
northeast-striking diabase dikes (fig. 2). Amato ansithogneiss from each. In the Nome Group we dated
others (1994) proposed that mafic magmatism, reptiree fractions of zircon from a felsic orthogneiss that
sented by gabbro and diorite in the root of the Kigluad¢ops out near Salmon Lake (sample 87SB65-5; tables
pluton, was the heat source for Late Cretaceous 2; figs. 2, 3). Two of the fractions are highly

metamorphism. discordant, and the third fraction, which was leached in
HF, is nearly concordant. Together, the three fractions
PROTOLITH AGES FOR define a highly linear array with an upper concordia
METAMORPHIC ROCKS intercept of 678 + 4 Ma and a lower concordia intercept
of 92 + 6 Ma. We interpret the upper intercept as the age
PREVIOUS WORK

of the protolith of the orthogneiss. This age is analytically
The protoliths for the Nome Group and Kigluaikndistinguishable from the ~680 Ma ages obtained by
Group initially were thought to be Precambrian, basdthtrick and McClelland (1995), and is further evidence
on the degree of metamorphism and the lack of fosdits the presence of Precambrian rocks within the Nome
(Moffit, 1913). Later maps used the notatiofisroup. The lower intercept is evidence of disturbance
“Paleozoic(?)” (Hummel, 1962), but Sainsbury (1969juring Cretaceous metamorphism.
noted that Early Ordovician fossiliferous limestones in The Kigluaik Group contains larger and more
the Nome Group of western Seward Peninsula weremerous orthogneiss bodies than does the Nome
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Table 1.Geochronology sample locations

AGE OF HIGH-TEMPERATURE
METAMORPHISM

Sample Latitude (N) Longitude (W)

87AH-58 64° 56' 00" 165° 44' 15"  PREVIOUS WORK

87SB65-5 64° 54' 27" 165° 06' 24"

89SB69-1 64° 56' 49" 165° 15' 26" Although Bunker and others (1979) interpreted the
89SLMC-42 64° 56' 36" 166° 05' 23" 735 Ma isochron from Kigluaik Group paragneiss as
89SLMC-51 64° 51' 59" 166° 00' 16"  the age of high-temperature metamorphism, it is now
89SMC-27 64° 55’ 25" 166° 05" 16"  gpparent that this event occurred during the Cretaceous.
90P12-5 64° 55 42" 165°31'59"  K-Ar dates of biotite and hornblende from paragneiss,
90P8-4c 64° 5? OZ 165° 29 3% orthogneiss, and amphibolite reported by Turner and
90P8-9 64° 54' 29 165° 27' 35

91G-42 64° 59' 30" 165° 43' 47" Swanson (1981) range from 2_31 +2 Mato .87 + 3 Ma.
92 1A-9b 65° 01" 36" 165° 36' 21" K-Ar analyses of “mafic gneiss” by Sturnick (1984)
92.2A-26b 64° 53' 41" 165° 35' 03  Yielded 84-85 Ma dates. Calvert (1992) dated hornblende
92.2A-38 64° 53' 45" 165° 37' 45* from an amphibolite within the Kigluaik Group using
92.2A-39c 64° 53' 55" 165° 37' 29"  4Ar/3°Ar techniques. He obtained a plateau date of
92.2A-40 64° 55' 00" 165°37'19" 86 + 1 Ma (Calvert, 1992). Because the closure
92.2A-57 64° 54’ 33" 165° 33' 57" temperature of hornblende to Ar diffusion is thought to
gg-iﬁ'ﬁi gj: gg jﬁ:: 122 gg: gg:: be 550°C and the peak metamorphic temperatures were
97 4A-119 64° 57" 14" 165° 46' 26" about 700—890 C, this date must be a minimum for peak
92.4A-120 64° 56' 09" 165° 4g 05»  Metamorphism.

oo i3 S o 1S 2232 NEW U-PB MONAZITE DATA FROM

92.5A-139 65° 00' 26" 165° 54' 44°  ORTHOGNEISS, METAPELITE, AND

92.NA-106 65° 00' 30" 164° 49' 55"  PEGMATITE

92.SP-4 64° 56' 43" 166° 08' 39"

92.SP-5 64° 56' 28" 166° 08' 12" To more tightly constrain the age of peak

metamorphism, we collected numerous samples of
orthogneiss, metapelite, and pegmatite for U-Pb dating
of monazite. Monazite is a common accessory mineral
in metamorphic rocks of staurolite grade or higher, and

Group; the largest of these is the Thompson Crei& closure temperature for the diffusion of Pb is about
orthogneiss (Till, 1980), which is compositionally725 £ 25°C (Parrish, 1990). Samples from staurolite-
variable and highly strained. Crosscutting relationshigsade rocks, which reached maximum temperatures of
indicate that it was originally an intrusive body. We600°C, should therefore record the age of peak
obtained five U-Pb zircon dates from two rocks withimetamorphism. Unfortunately, all the staurolite-grade
this unit, all of which are highly discordant (table 2samples were barren of monazite. Of the 20 metapelitic
fig. 4). A chord through three analyses of zircon fromocks collected from levels deeper than the staurolite-in
sample 87SB69-1 has an upper intercept of 555 + B®grad, only six contained monazite. All four of the
Ma and a poorly defined lower intercept of Cretaceopegmatite separates yielded abundant monazite, and it
age. Two analyses from a separate locality within teas found in seven splits from orthogneiss bodies in
main orthogneiss body also lie on this chord. It ithe core of the range. Because the rocks that contained
interesting that all three orthogneisses from the Nom@nazite may have been heated to ~700°C or higher
Group are ~680 Ma, and that the orthogneiss within tflseberman, 1988), the possibility remains that the U-
Kigluaik Group, which underwent both the low and higPb dates obtained may reflect cooling from peak
temperature metamorphic events, yields a younger atgmperatures that were attained at an earlier time. All
This raises the possibility of a multistage lead-logbe monazite data are reversely discordant on a U-Pb
history, which might lower the age of the high-gradeoncordia plot (fig. 5), most likely as the result of the
Thompson Creek orthogneiss. However, given that @licorporation of?23°Th during crystallization (e.g.,
five analyses from both samples lie on a well-defingsichéarer, 1984; Parrish, 1990).

chord, we interpret the upper intercept of 555 + 15 Ma Ten analyses of monazite were obtained from seven
as the intrusive age of this body. Regardless of the acts@inples of granitic orthogneiss (table 3, fig. 5). Sample
protolith age, these data indicate that this orthogne®2.5A-139, from a small, highly deformed granitic
body is not representative of the earlier Cretaceoaghogneiss from the northern part of the range, is
magmatic history in the Kigluaik Mountains. compositionally and texturally similar to the Thompson
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Creek orthogneiss; it yielded?¥Pb23°U date of 96
Ma. Three of the samples (90P8-4c, 92.2A-38,
92.2A-39c) were taken from the main body of the
Thompson Creek orthogneiss, in the southern part
of the range. Thes®Pb23%U dates range from
98 Ma to 94 Ma. The other three samples (91G-42,
92.4A-132a, 92.4A-132b) were taken from the
northern limb of the gneiss dome and may be from
the same intrusion as the Thompson Creek
orthogneiss (fig. 2). Three of the analyses cluster
around 91 Ma, but another analysis (92.4A-132a)
from the same outcrop as 92.4A-132b yields a
207Pp 235y date of 94 Ma.

Taken together, the orthogneiss data are complex
and difficult to interpret unambiguously. Where two
size fractions were analyzed from the same sample,
the finer grained fraction yielded the younger date.
None of the®"Pb23%U dates are younger than 91 Ma,
indicating that 91 Ma is the age of cooling of the
complex through the closure temperature of ~725°C.
The older dates from monazite in the orthogneiss

Figure 3.U-Pb concordia plot showing three analyses of zircormay reflect incomplete resetting of accessory

from an orthogneiss in the Nome Group near Salmon Lakenonazite from the Precambrian-Cambrian igneous
We interpret the upper intercept of 678 + 4 Ma as the intrusiv rotolith. The monazite dates of 91 Ma are all from

age for this body. MSWD = mean standard weighte

deviation.
0074 1 I i [ I I i l I l 1 [ 1 l i
- 206Pb  Zircon
238y 440
0.070 —

Intercepts  at

|_ 555 £ 15 and41 + 32 Ma
(MSWD=1.7)

Using data from

898B69-1 only
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207Ppy23s
| I I
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0.40

0.44

0.48

0.52

0.56

Figure 4.U-Pb concordia plot showing five analyses of zirco
from the Thompson Creek orthogneiss. The upper interc
is about 555 + 15 Ma, and the lower intercept is poorly

he orthogneiss in the northern part of the range;
moreover, they are also closest to the Kigluaik pluton.
The monazite from the biotite-rich 92.4A-132a
sample that yielded the only older (94 Ma) date in
the northern part of the range may have a slightly
different composition. Further work needs to be done
to determine the relationship between monazite age,
composition, and structural position.

The monazite analyses from metapelitic rocks are
generally more concordant than those from the
orthogneiss (fig. 5). Seven of the fractions from five
rocks collected from throughout the range yield dates
between 89 Ma and 92 Ma, overlapping with the
207pp 235 dates from the some of the younger dates
from the orthogneiss. Two fractions of monazite from
metapelite collected from the deepest structural levels
yielded dates of 95 Ma and 96 Ma. Again, finer
grained fractions yielded younger dates.

The pegmatite dikes and lenses found within the
Kigluaik Group were derived from partial melting
of metapelite during high-temperature meta-
morphism, an interpretation based on Nd and Sr
isotopic data (Amato and Wright, in press). Four of
the five fractions of pegmatite yieldéd’Pb23U
dates of 90-91 Ma, whereas the finest fraction

gp<t75 pum) is 86 Ma (fig. 5; table 3).

We believe that because the pegmatite formed

defined. The chord shown was drawn by using the data frfifing peak metamorphism, the clustering of
89SB69-1 only. If all five points are used, the upper intercepionazite dates from pegmatite at 90-91 Ma makes
remains 555 + 15 Ma, with a MSWD of 0.56.

the strongest case for peak metamorphism at or
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Figure 5.U-Pb concordia plot showing analyses of monazite from orthogneiss, metapelite, and pegmatite. Clustering of dates
around 91 Ma indicates cooling through monazite closure temperature of ~725 °C. Older dates are interpreted as incomplete
resetting of detrital and igneous monazite from metapelite and orthogneiss.

slightly older than 91 Ma. The clustering of ages froms their age was critical in determining the relationship
monazite from all three rock types at or near 91 Ma aafimagmatism to metamorphism.

the scarcity of ages younger than 90 Ma further

strengthens this interpretation. The older dates fradRETACEOUS ORTHOGNEISSES

orthogneiss and metapelite may related to inheritance,

or possibly they are an indication of a slightly earlidPREvious WoRrk

high-temperature metamorphic history of the gneiss In addition to the many older orthogneisses in the
dome, as might be suggested by the ~105-110 Ma alfégiuaik Mountains, there are at least two of Cretaceous
from orthogneiss. We interpret the age of 91 Ma a&ge. One is a garnet-bearing granitic orthogneiss that was
approximating the attainment of peak temperaturesiirierpreted as being derived from partial melting of

the range. metasedimentary rocks (Amato and others, 1994). Three
zircon fractions were analyzed and all are significantly
AGE OF MAGMATISM discordant. The data collectively lie on a chord with a lower

concordia intercept of 105 + 3 Ma and a poorly defined Late
The Cretaceous igneous rocks of the Kigluaik gneigsoterozoic upper concordia intercept (Amato and others,
dome can be divided into three groups: (a) orthogneiss&894). This unit is fully involved in the deformation and
(b) the undeformed Kigluaik pluton and related dikesissociated metamorphism and corroborates field evidence
and (c) a diabase dike swarm. The emphasis of this stilagt much of the high-temperature metamorphic fabric in
was dating the undeformed Cretaceous intrusive rockd gneiss dome formed after intrusion of this orthogneiss.
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New DaTa with the lowest magnetic susceptibility from each
The other known Cretaceous orthogneiss is a higldgmple. As expected, in all four fractions the uranium
strained metasyenite. This unusual intrusion forms thimncentration was lower than that in the zircon from the
layers near the base of the gneiss dome and has kgramitic cap, ranging from ~900-1400 ppm (table 3),
dated at 110 + 5 Ma (table 4, fig. 6). This age, obtainédt discordance between U-Pb and Pb-Pb dates indicated
by W. McClelland of University of California, Santathat Pb loss remained a problem. Conventional U-Pb
Barbara, was based on a step-wise dissolutianalysis thus did not conclusively provide a crystalliza-
experiment similar to that described in the next sectidion age for the pluton.
The age and composition of this unit are remarkably In an attempt to reduce the effects of post-
similar to unmetamorphosed potassic plutons within tleeystallization Pb loss, we used a technique developed
Yukon-Koyukuk basin and should probably be includeiditially by Krough and Davis (1975), in which zircon
in the diffuse belt of alkaline plutonic rocks that stretchdeactions are subjected to a mild HF leach to remove
from the Yukon-Koyukuk basin to the Darby Mountaindgnternal metamict domains. After leaching, both the
St. Lawrence Island, and Cape Dezhnev, in northeastachate (dissolved zircon) and the residue (refractory

Russia (T.P. Miller, 1972). parts of the grain unaffected by leaching) are analyzed.
Mattinson (1984, 1990, 1994) expanded this technique
KIGLUAIK PLUTON and developed “step-wise dissolution,” in which zircons

are subjected to a series of progressively longer leaches,

The undeformed Kigluaik pluton is exposed ovewith leachate being analyzed after each successive step.
an area of 100 kfin the western part of the gneissAfter a given number of leaching steps (usually from
dome (fig. 2). The intrusion consists of a biotite-grani@ne to 10), the remaining residue is analyzed. This
“felsic cap” overlying a gabbro-diorite “mafic root” of process has been shown to be successful in “mining out”
unknown volume and extent, along with associatedetamict zones within a zircon with high uranium con-
granodioritic rocks. The recognition of mafic rockgentrates, and thus generally gives a more meaningful
within the deeper levels of the gneiss dome raised thge. The results of our first leach experiment yielded an
possibility that the high-temperature metamorphism wage of 92 + 2 Ma (Amato and others, 1994). However,
caused by this mantle-derived magmatism (Amato attds procedure was based on only one leach step.
others, 1994). Our latest leach experiment, reported here, followed

The zircon population from the granitic cap includethe procedure of Mattinson (1994) and provides a useful
both opaque dark-brown and opaque white grains, ashstraint on the age of Late Cretaceous magmatism in
both are likely metamict. Initial analyses of dhe Kigluaik Mountains. We used the 75-150 pm fraction
representative fraction from each of these grain typtsem each of the two granodiorites, and leached them in
(sample 87AH-58) revealed relatively high Warallel for times ranging from one day to as long as
concentrations ranging from 5400-7600 ppm (table 3ne month (table 5). The results are displayed in a Tera-
The 29PpP38U and 2°7PbR38U dates from each of the Wasserburg plot (fig. 7§38 release spectra similar to
two fractions are “concordant” at 83 Ma, but the high those commonly used to preséfar/*°Ar data show
concentration and visible alteration (metamictizatiorihe trend in both thé*U-29%b and?0’Pb#°%b ages
of the zircon grains suggest that Pb loss has likehjth progressive leaching; they also show the relative
occurred and that 83 Ma would be a minimum age famounts of3 released in each step (fig. 8).
the pluton. In each sample, the leachate from “early” steps with

This initial attempt led us to direct our effortdeach times less than one week g&/@bFPb dates
toward dating rocks from the mafic root, which wawith extremely large errors, resulting from the relatively
shown by Amato and others (1994) to be coeval witarge amounts 0f®Pb (common lead) extracted from
the granitic cap. These rocks would likely contain zircdhe easily dissolved parts of the zircon or along fractures.
with a lower uranium concentration and thus be leB&ick-scattered-electron imaging of zircon from sample
affected by metamictization and Pb-loss. The tw@2.4A-120 reveals a core of quartz and feldspar around
samples we analyzed were from the upper part of thich is a euhedral zircon (fig. 9). The feldspar is likely
mafic root, in a mingling zone between granitic anthe source for the excessive amounts®b, and the
granodioritic compositions (Amato and Wright, 1997)1F leaching would have removed all traces of feldspar
These samples, 92.4A-119 and 92.4A-120, aby the second leach, thus decreasing the error in the
hornblende biotite granodiorite with ~60% Si@nd °Pb#°%b ratio in subsequent steps.
abundant zircon with a range of euhedral shapes from The leachate from the third and fourth steps in each
short and stubby to elongate needles. All grains wesample had the younge&tPbP3®U date, and the
translucent and hondyown to pink. We analyzed two 2°Pb?3%U dates increased progressively in both samples
size fractions (150-200 um and 75-150 pum) of graigdter the fourth step. This pattern is consistent with the
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207 pp /206 pp

207 pp /206 pp

C L2-1

207 Pb /206 Pb
0.0480 0.0l482 0.0484

238 /206 Pb

Figure 6 U-Pb Tera-Wasserburg plots of (a) conventional and (b, c) partial dissolution data from metasyenite.
Error ellipses are plotted at 95% confidence level and labeled according to analysis as listed in table
1. The zircon systematics suggest that this unit suffers from the effects of both Pb-loss and the presence
of inherited components. The inferred crystallization age for this sample is 110 + 5 Ma, based on the
residue results from partial dissolution experiment 2.
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Figure 7.U-Pb Tera-Wasserburg plot of step-wise dissolution experiment on zircon fractions from the Kigluaik pluton. Early,
short-term steps (open ellipses) have high errors owing to large amounts of common Pb. Intermediate steps (striped
ellipses) begin to approach concordia, and final steps (solid ellipses) are concordant at 90 + 1 Ma. We have followed the
convention of assigning errors on tFSPhA38U dates based on the degree of leaching involved: + 5% for “early” steps,

+ 2% for intermediate steps, and + 1% for the residue. These data indicate that the zircons contain inherited components
and encountered Pb-loss.
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The zircon systematics from the Kigluaik

92.4A-119 pluton are complex. The zircons from the

130+ 130 granitic cap have extremely high uranium
concentrations and are visibly metamict. The

1104 L 110 zircons from granodiorite within the mafic

root contain (a) numerous visible inclusions,
(b) cores of feldspar with a high concentration
of 20%Pp, (c) an inherited component of
unknown age, and (d) they were affected by
Pb loss. The step-wise dissolution procedure
“sees through” these complexities by
progressively removing domains within the
zircon that were affected by inheritance or lead
207pb/206pb Aga loss (or both) and the residue analysis yielded
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[ 2ospy2380 age - 30 a concordant age. On the basis of this
[T 2o7pbr206p0 = 205pb238 experiment, we now believe that the
10 4 granodiorite crystallized at 90 + 1 Ma, an age

¢ 10 20 % 40 s 60 70 & %0 100 that is close to our estimate of 91 Ma for the

age of peak metamorphism.

DIABASE DIKES

Cumulative percentage 238U released

92.4A-120

- 180 A shoshonitic diabase dike swarm cuts all
units within the core of the Kigluaik gneiss
L 110 dome. These dikes range from alkali basalt

(~48% SIQ) to trachyte (~63% Sig)and are
compositionally and isotopically similar to the
mafic root of the pluton. Field evidence of
diabase cutting across the pluton (Amato,
70 1995) showed that the dikes represented the
youngest magmatic event within the Kigluaik
L 50 Mountains.

To better constrain the age of the dike
swarm, Amato, in collaboration with A. Calvert

r 90

Measured age (Ma)

207pp/206pp Age

F30

[ 208pu298y age and P. Gans (Calvert and others, manuscript in

(I 207por206p - 206pp/200y preparation), dated biotite and hornblende

0 10 20 30 40 50 60 70 80 90 100 from dikes at two structural levels (tables 6-8;
Cumulative percentage 238U released fig. 10). Biotite from the deepest sample,

92.3A-101, yielded a date of 82.5 + 0.5 Ma,
Figure 8.2%%U release spectra show the progressively converiitb/  slightly younger than a 84 + 0.6 Ma biotite
208pp and?%%Pb/238y dates. Step 4 of 92.4A-119 is outside thejate from sample 92.2A-40, collected from
analytical uncertainty of the later steps and indicates a smalyn outcrop 2-3 km structurally higher than
inherited component that is likely present in the zircon pOpU|ati°@2_3A-101, Because biotite has a relatively

from both samples. low closure temperature for argon (~300°C),
more easily leached domains being affected by Pb loss. Ttiés may be a “cooling age” rather than an
residue analyses from both samples were internally concordantrusive age. It would be preferable to date
and also agreed with each other within error: sample 92.4A-1b@rnblende, which has a higher closure
gave an age of 89 = 1 Ma and sample 92.4A-120 gave an agdeshperature (~550°C). Although many of the
90 £ 1 Ma. dikes crystallized magmatic hornblende,

For sample 92.4A-120, all t8"Pb2%Pb dates are within typically this mineral was highly altered to
error. The fourth leach step from sample 92.4A-119 K8%h- actinolite and therefore was unsuitable for
208ph date of 123 + 8, which is outside the analytical uncertainf)Ar/*°Ar dating. Of nearly 40 thin sections
for the final three steps. This suggests that there must be an oleéeamined, only one dike (sample 92.2A-40)
component in this zircon population. The later steps do not shae@ntained fresh hornblende. This dike also
evidence for this older component, and therefore it was probaliipd a trend nearly orthogonal to the typical
leached out entirely during the experiment. N. 30° E. trend of most of the dikes in the
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92.4A-120

Quartz

K-feldspar

Figure 9. Back scattered electron image of a zircon crystal with a core of K-feldspar and quartz.
Euhedral crystal of apatite is an inclusion. The feldspar within the core is likely the source of the
high concentration of ***Pb in the early leach steps.

Table 6. “’4Ar/*Ar data for 92.34-101 biotite

T (°C)  40(mol) “OAr YAr 36Ar K IYAr WOAr* Age error
¥Ar ¥Ar YAr Ca (Ma)

640 3.40E-14 5.5566 0.0391 0.0081 13.0 0.060 0.700 71.7 0.5
785 6.00E-14 6.3818 0.0187 0.0016 26.0 0.182 0.933 82.1 0.2
900 6.20E-14 6.4826 0.0290 0.0008 17.0 0.312 0.967 83.3 0.2
1010 9.00E-14 6.4746 0.0574 0.0009 8.5 0.498 0.961 83.2 0.2
1070 8.10E-14 6.4290 0.0300 0.0003 16.0 0.671 0.986 82.7 0.2
1125 1.20E-13 6.4066 0.0274 0.0002 18.0 0.930 0.994 82.4 0.1
1155 2.40E-14 6.4357 0.0626 0.0001 7.8 0.982 0.996 82.8 0.4
1260 1.20E-14 6.7438 0.1084 0.0096 4.5 1.000 0.705 86.6 1.3
J=0.0072940.

Total fusion age (TFA) = 82.14 + 0.13 Ma (including J).

Weighted mean plateau age (WMPA) = 82.51 £ 0.12 Ma (including J).
Steps used: 640, 785, 900, 1010, 1070, 1125, 1155, 1260 (100% X*Ar).
40(mol) = moles corrected for blank and reactor-produced “Ar.

¥¥Ar is cumulative, **Ar* = radiogenic fraction.
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Table 7.49Ar/ 3°Ar data for 92.2A-40 biotite

T(°C)  40(mol) 40Ar STAr S6Ar K z 3°Ar 40Ar* Age error
39Ar 39Ar 39Ar Ca (Ma)

640 1.10E-13 6.1604 0.0318 0.0057 15 0.126 0.787 79.3 0.2
750 1.50E-13 6.5188 0.0165 0.0008 30 0.311 0.968 83.8 0.1
845 1.00E-13 6.5348 0.0138 0.0004 36 0.445 0.984 84.0 0.2
925 6.50E-14 6.5919 0.0331 0.0007 15 0.528 0.970 84.7 0.2
990 8.50E-14 6.5710 0.0293 0.0006 17 0.637 0.977 84.5 0.2
1050 1.70E-13 6.5043 0.0178 0.0005 28 0.859 0.979 83.6 0.1
1090 7.70E-14 6.4935 0.0250 0.0007 20 0.958 0.972 835 0.2
1125 3.00E-14 6.5028 0.0365 0.0008 13 0.996 0.969 83.6 0.3
1155 3.20E-15 6.6258 0.1840 0.0066 2.7 1.000 0.776 85.1 34
1190 7.30E-16 7.1438 0.3944 0.0514 1.2 1.000 0.321 91.6 35.8
1260 2.00E-15 12.1946 0.1554 0.3053 3.2 1.000 0.119 153.7 85.8
J=0.0072940.

Total fusion age (TFA) = 83.35 + 0.12 Ma (including J).

Weighted mean plateau age (WMPA) = 83.61 + 0.12 Ma (including J).

Inverse isochron age = 84.38 + 0.25 Ma. (MSWD =13'8ar/36Ar=230.4 + 9.6).
Steps used: 640, 750, 845, 925, 990, 1050, 1090, 1125, 1155, 1190, 1260=3386)%
40(mol) = moles corrected for blank and reactor-prodd€ad

¥3%r is cumulative *0Ar* = radiogenic fraction.

Table 8.4%Ar/ 3%Ar data for 92.2A-40 hornblende

T(°C)  40(mol) 40Ar STAr S6Ar K Z39Ar 40Ar* Age error
39Ar 39Ar 39Ar Ca (Ma)

500 5.70E-15 3.1020 2.3380 0.0839 0.21 0.006 0.113 30.3 6.8
600 6.00E-15 8.1651 1.0690 0.0080 0.46 0.023 0.782 78.6 1.7
700 1.10E-14 8.2710 0.7739 0.0040 0.63 0.057 0.881 79.6 0.9
800 1.20E-14 8.2343 1.2517 0.0032 0.39 0.096 0.909 79.2 0.7
850 7.30E-15 8.3642 2.5489 0.0039 0.19 0.119 0.900 80.5 1.2
900 1.40E-14 8.6365 6.3912 0.0057 0.08 0.161 0.883 83.0 0.9
940 9.00E-14 8.6147 6.8770 0.0044 0.07 0.444 0.926 82.8 0.3
970 1.20E-13 8.6063 6.8254 0.0028 0.07 0.827 0.973 82.7 0.2
1000 3.00E-14 8.6190 6.7869 0.0025 0.07 0.929 0.982 82.9 0.4
1030 1.30E-14 8.4723 7.9193 0.0040 0.06 0.970 0.943 81.5 0.9
1060 6.20E-15 9.0778 16.4258 0.0059 0.03 0.989 0.958 87.2 1.4
1100 1.50E-15 8.8735 10.6681 0.0050 0.05 0.994 0.939 85.2 5.3
1140 1.60E-15 8.2314 11.0659 0.0046 0.04 0.999 0.950 79.2 4.8
1180 4.00E-16 8.7651 9.5927 0.0157 0.05 1.000 0.695 84.2 30.6
J=0.0054530.

Total fusion age (TFA)= 83.35 £ 0.12 Ma (including J).

Weighted mean plateau age (WMPA)= 83.61 £ 0.12 Ma (including J).

Inverse isochron age = 84.38 + 0.25 Ma. (MSWD =13'8ar/36Ar=230.4 + 9.6).
Steps used: 640, 750, 845, 925, 990, 1050, 1090, 1125, 1155, 1190, 1260=3986%
40(mol) = moles corrected for blank and reactor-prodd€ad

>39%r is cumulative 22Ar* = radiogenic fraction.
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90

92-2A-40 Hornblende —

Apparent age (Ma)

72 ]

70 = ; t } t f ; ; } .
0 10 20 30 40 50 60 70 80 90 100

Cumulative percentage 39Ar released

Figure 104Ar/ 3%Ar release spectra for hornblende from a diabase dike. Inferred age of 83 + 1 Ma for the dikes is based on the
weighted mean plateau age (WMPA) using the shaded steps and the total fusion age (TFA) for this sample, together with the
biotite ages from this sample and 92.3A-101.

core, raising the possibility that it was a slightly youngéeninsula is unknown, it must have occurred previous
dike that escaped hydrothermal alteration associated120 Ma (Hannula and McWilliams, 1995).
with the crystallizing pluton. This sample yielded a The presence of highly deformed igneous rocks of
plateau date of 82.8 + 0.4 Ma. This is slightly youngdi05 Ma indicates that there must have been deformation
than the biotite date from the same sample. On the basssociated with the post-blueschist-facies high-
of the near concordance of the hornblende and biotiesnperature metamorphism, and therefore this event was
Ar dates from sample 92.2A-40, we believe that 83 + 1 Mt a static overprint related to thermal reequilibration
is the best estimate of the age of the diabase dike swaffmato and others, 1994). This argument also was made
on the basis of the structural geology of the isograd zone
DISCUSSION (Miller and others, 1992) and is strengthened by the
better dated 110 + 5 metasyenite.

The relationship between magmatism and high- The discovery of mafic plutonic rocks at the base of
temperature metamorphism is important in thiéhe Kigluaik pluton led to the suggestion that processes
interpretation of the Cretaceous tectonic history of tlether than anatexis were important in its formation
Kigluaik Mountains. If magmatism was largely felsiqAmato and others, 1994; Amato and Wright, 1997).
and post-tectonic, it may be unnecessary to invokeBait was the pluton the actual heat source for
new tectonic event following blueschist metamorphisimetamorphism? To answer this, we must critically
In this case, magmatism could be related to the relaxatewaluate the geochronologic data, because although
of isotherms as was suggested by Patrick and Lieberncaeval magmatism and metamorphism do not
(1988). If magmatism was syn-tectonic, there may haxecessarily indicate a cause and effect, the presence of
been a separate episode of tectonism that postdatedntiaéic magmas of the same age as the surrounding
earlier high-pressure event. Although the age of tineetamorphic rocks would be compelling evidence for
inception of blueschist metamorphism on Sewamdagmatically induced metamorphism.
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There are uncertainties about the actual peak
temperatures in the metamorphic rocks used for U-Pb
monazite dating, but estimates of 700-750°C
(Lieberman, 1988) are near the closure temperature of
725 + 25°C for the diffusion of Pb in monazite. The
older monazite dates obtained from orthogneiss and
paragneiss are likely the result of incomplete resetting
of preexisting monazite (either igneous or detrital). This
incomplete resetting implies that the temperatures either
did not get significantly higher than the closure
temperature or that if they did they did not stay high for
long. Our estimate of 91 Ma must be a minimum for the
age of attainment of peak temperatures, but it is difficult
to imagine that temperatures stayed above 700°C
between the time of the intrusion of the Cretaceous
orthogneisses at 110-105 Ma and 91 Ma. Additionally,
because of the composition and small volume of these
orthogneisses, it is unlikely that they contributed
significantly to the heat budget for high-temperature
metamorphism.

However, the pluton has a mafic root that would
make it a candidate for transporting heat from the mantle
into the middle crust during a Cretaceous event. Because
we know that there was significant deformation
associated with this event (based on the deformation of
the orthogneiss), we would expect the pluton to show
some evidence of strain if it were the heat source. In
fact the pluton is largely undeformed and cross cutting,
though weakly deformed dikes were observed. If the
metamorphism has a minimum age of 91 Ma, and the
pluton is 90 + 1 Ma, it probably intruded toward the end
of the metamorphic deformational event. Our
interpretation is that there may be other mafic intrusions
below the gneiss dome that may be slightly older than
the Kigluaik pluton and that these intrusions would be
“responsible” for the elevated temperatures. Geophysical
data would be required to test this hypothesis. In this
scenario, the Kigluaik pluton is a late-stage representative
of alonger, perhaps episodic magmatic event, a “last-gasp”
intrusion that reveals the influence of mafic magmatism
on the Cretaceous high-temperature metamorphism. The
presence of the compositionally similar diabase dike
swarm at 83 + 1 Ma is further evidence of episodic mafic
magmatism in the gneiss dome.

CONCLUSIONS

that ~680 Ma orthogneisses are common
within the Nome Group and that the
country rock must be in part Precambrian.
A new U-Pb zircon date of 555 + 15 Ma
from a Kigluaik Group orthogneiss is
interpreted as a crystallization age.
Although the data are complex, U-Pb
dating of monazite from orthogneiss,
metapelite, and pegmatite suggest that
peak high-temperature metamorphism in
the gneiss dome has a minimum age of
91 Ma, an interpretation based primarily
on the clustering of dates from pegmatite
interpreted to have formed by partial
melting of metasedimentary rocks during
peak metamorphism.

The earliest documented Cretaceous
magmatism is represented by two
orthogneiss bodies dated at 110 + 5 Ma
(this paper) and ~105 Ma (Amato and
others, 1994).

* A step-wise dissolution experiment on

zircon from the Kigluaik pluton indicates
that the zircon population was affected by
both inheritance and Pb loss. The
experiment yielded concordant ages of
90 + 1 Ma, which we interpret as the cry-
stallization age.

The youngest Cretaceous igneous event
was the intrusion of a diabase dike swarm,
dated at 83 + 1 Ma by usin§Ar/3°Ar
techniques on biotite and hornblende.
The temporal association of magmatism
and metamorphism indicates that mafic
magmatism beginning before 90 Ma
resulted in high-temperature metamor-
phism of the gneiss dome. While the
Kigluaik pluton may not have been the
actual heat source for metamorphism, it
may represent the latest stages of a more
protracted, episodic mafic magmatic
history in the region, represented at the
exposed crustal levels by the 90-Ma pluton
and the 83-Ma dike swarm.

ACKNOWLEDGMENTS

Geochronologic investigations relying primarily on

U-Pb dating of zircon and monazite &f#lr/3°Ar dating This work constitutes part of Amato’'s Ph.D.
of amphibole and mica allow us to make the followindissertation at Stanford University. Fieldwork was
conclusions about the geologic history of the Kigluaigupported by NSF grant EAR-90-18922 to E.L. Miller,
gneiss dome: a GSA John T. Dillon award (1991), GSA Penrose
e A new U-Pb zircon date of 678 + 4 Ma award (1992), and a Stanford School of Earth Sciences
from a Nome Group Orthogneiss confirms McGee Fund grant to Amato. AchiSition of U-Pb



20 S+1orT NoTeEson ALaska GeoLocy 1997

geochronologic data was supported by NSF grant blueschist-greenschist terrane, Seward Peninsula, Alaska:
EAR-91-17419 to J.E. Wright. Amato was supported Stanford, Stanford University, Ph.D. dissertation, 171 p.
in part by NSF grant OPP-95-00241 to P. Layelﬂannula, K.A., and McWilliams, M.O., 1995, Reconsideration
D. Stone, and K. Fujita. W.C. McClelland and B.E. of the age of blueschist facies metamorphism on the
Patrick generously provided U-Pb data for the Seward Peninsula, Alaska, based on pherfgie/*Ar
metasyenite, work supportdry NSF grant EAR91- results: Journal of Metamorphic Geology, v. 13, p. 125-139.
18394 awarded to Patrick. Argon data was collected wrgmf llqi':d’rigglzé Prsegrx:zyg:g:ﬁi'ﬁlzaig;ﬂz Namse
Amatg |g coIIabora'E)on Wlthrﬁ'T' Ca_Ivert and Pt')B' G:ns Geological Survey Miscellaneous Investigations Field
a}t ucC- anta.Bar ara. This project was based on g gies Map MF-248, scale 1:63,360.

fieldwork carried out by Amato, Gans, Calvert, T.Ay ough, T.E., 1973, A low-contamination method for
Little, K.A. Hannula, Miller, J. Toro, and Wright, assisted  hygrothermal decomposition of zircon and extraction of

by J.Y. Amory and L. Symchych. Reviews by y and Pb for isotopic age determinations: Geochimica et

McClelland and C. Hanks are greatly appreciated. Cosmochimica Acta, v. 37, p. 485-494.
Krough, T.E., and Davis, G.L., 1975, Alteration in zircons
REFERENCES CITED and differential dissolution of altered and metamict

zircon: Carnegie Institution Washington Yearbook, v. 74,

Amato, J.M., 1995, Tectonic evolution and petrogenesis of p. 619-623.
the Kigluaik gneiss dome, Seward Peninsula, Alaska: Arieberman, J.E., 1988, Metamorphic and structural studies of
integrated structural and geochemical study of extensional the Kigluaik Mountains, Western Alaska: Seattle,
processes in mid-crustal rocks: Stanford, Stanford University of Washington, Ph.D. dissertation, 192 p.
University, Ph.D. dissertation, 150 p., 10 pls., 37 figs. Mattinson, J.M., 1984, Labile Pb in young, high-uranium

Amato, J.M., and Wright, J.E., 1997, Petrogenesis of the zircons: Geological Society of America Abstracts with
Kigluaik pluton: An isotopic study of Late Cretaceous arc- Programs, v. 16, p. 559.
related potassic magmatism in northern Alaska: Journal——1987, U-Pb ages of zircon: A basic examination of error
of Geophysical Research, v. 102, p. 8065-8084. propagation: Chemical Geology, v. 66, p. 151-162.

Amato, J.M., Wright, J.E., Gans, P.B., and Miller, E.L., 1994———1990, Petrogenesis and evolution of the Salinian
Magmatically induced metamorphism and deformation in magmatic ardn Anderson, J.L., ed., The nature and origin
the Kigluaik gneiss dome, Seward Peninsula, Alaska: of Cordilleran magmatism: Geological Society of America
Tectonics, v. 13, p. 515-527. Memoir 174, p. 237-250.

Armstrong, R.L., Harakal, J.E., Forbes, R.B., Evans, B.W——1994, A study of complex discordance in zircons using
and Thurston, S.P., 1986, Rb-Sr and K-Ar study of step-wise dissolution techniques: Contributions to
metamorphic rocks of the Seward Peninsula and Southern Mineralogy and Petrology, v. 116, p. 117-129.

Brooks Range, Alaska: Geological Society of AmericMiller, E.L., Calvert, A.T., and Little, T.A., 1992, Strain-
Memoir 164, p. 184-203. collapsed metamorphic isograds in a sillimanite

Brooks, A.H., Richardson, G.B., and Collier, A.J., 1901, A gneiss dome, Seward Peninsula, Alaska: Geology, v. 20,
reconnaissance of the Cape Nome and adjacent gold fieldsp. 487-490.
of Seward Peninsula, Alaska, in 1960U.S. Geological Miller, T.P., 1972, Potassium-rich alkaline intrusive rocks of
Survey Reconnaissances in Cape Nome and Norton Bay western Alaska: Geological Society of America Bulletin,
regions, Alaska, in 1900, 185 p. v. 83, p. 2111-2128.

Bunker, C.M., Hedge, C.E., and Sainsbury, C.L., 1978offit, F.H., 1913, Geology of the Nome and Grand Central
Radioelement concentrations and preliminary radiometric Quadrangles, Alaska: U.S. Geological Survey Bulletin 533,
ages of rocks of the Kigluaik Mountains, Seward 140 p.

Peninsula, Alaska: U.S. Geological Survey Professiongarrish, R.R., 1990, U-Pb dating of monazite and its application
Paper 1129-C, 11 p. to geologic problems: Canadian Journal of Earth Sciences,

Calvert, A.T., 1992, Structural evolution and thermochronology v. 27, p. 1431-1450.
of the Kigluaik Mountains, Seward Peninsula, Alaska?atrick, B.E., and Evans, B.W., 1989, Metamorphic evolution
Stanford, Stanford University, M.S. dissertation, 50 p. of the Seward Peninsula blueschist terrane: Journal of

Dilles, J.H., and Wright, J.E., 1988, The chronology of early Petrology, v. 30, p. 531-555.

Mesozoic arc magmatism in the Yerington District oPatrick, B.E., and Lieberman, J.E., 1988, Thermal overprint
western Nevada and its regional implications: Geological on blueschists of the Seward Peninsula: The Lepontine in
Society of America Bulletin, v. 100, p. 644-652. Alaska: Geology, v. 16, p. 1100-1103.

Foster, D.A., Miller, C.F., Harrison, T.M., and Hoisch, T.D.Patrick, B.E., and McClelland, W.C., 1995, Late Protero-
1992,4%Ar/3%Ar thermochronology and thermobarometry  zoic granitic magmatism on Seward Peninsula and a
of metamorphism, plutonism, and tectonic denudation in Barentian origin for Arctic Alaska-Chukotka: Geology,
the Old Woman Mountains area, California: Geological v. 23, p. 81-84.

Society of America Bulletin, v. 104, p. 176-191. Sainsbury, C.L., 1969, Geology and ore deposits of the

Hannula, K.A., 1993, Relations between deformation, central York Mountains, western Seward Peninsula,
metamorphism, and exhumation in the Nome Group Alaska: U.S. Geological Survey Bulletin 1287, 101 p.



GEOCHRONOLOGICINVESTIGATIONS OF MAGMATISM AND METAMORPHISM WITHIN THE KIGLUAIK MOUNTAINS 21

Sainsbury, C.L., Hummel, C.L., and Hudson, T., 1977Zjll, A.B., Dumoulin, J.A., Gamble, B.M., Kaufman, D.S.,
Reconnaissance geologic map of the Nome Quadrangle, and Carroll, P.l., 1986, Preliminary geologic map and fossil
Seward Peninsula, Alaska: U.S. Geological Survey Open- data, Solomon, Bendeleben, and Southern Kotzebue
File Report 72-326, 28 p., 1 sheet, scale 1:250,000. gquadrangles, Seward Peninsula, Alaska: U.S. Geological

Scharer, U., 1984, The effect of initi#&l°Th disequilib- Survey Open-File Report 86-276.
rium on young U-Pb ages: The Makalu case, Himalaydodd, C.S., and Evans., B.W., 1993, Limited fluid-rock
Earth and Planetary Science Letters, v. 67, p. 191-204. interaction at the marble-gneiss contacts during

Stacey, J.S., and Kramers, J.D., 1975, Approximation of Cretaceous granulite-facies metamorphism, Seward
terrestrial lead isotope evolution by a two-stage model: Peninsula, Alaska: Contributions to Mineralogy &
Earth and Planetary Science Letters, v. 26, p. 207-221.  Petrology, v. 114, p. 27-41.

Sturnick, M.A., 1984, Metamorphic petrology, geothermofodt, W.A., and Busch, W., 1981, U-Pb investigations of
barometry, and geochronology of the eastern Kigluaik zircons from pre-Variscan gneisses I. A study from the
Mountains, Seward Peninsula, Alaska: Fairbanks, Schwarzwald, West Germany: Geochimica et
University of Alaska, Ph.D. dissertation, 175 p. Cosmochimica Acta, v. 45, p. 1789-1810.

Throckmorton, M.L., and Hummel, C.L., 1979,Turner, D.L., and Swanson, S.E., 1981, Continental rifting: a
Quartzofeldspathic, mafic, and ultramafic granulites new tectonic model for the central Seward Peninsala,
identified in the Kigluaik Mountains, Seward Peninsula, Wescott, S.E., and Turner, D.L., eds., Geothermal
Alaska, U.S. Geological Survey Circular 804-B, p. 70-72. reconnaissance survey of central Seward Peninsula,

Till, A.B., 1980, Crystalline rocks of the Kigluaik Mountains,  Alaska: University of Alaska Geophysical Institute Report
Seward Peninsula, Alaska: Seattle, University of UAG R-284, p. 7-36.

Washington, M.S. dissertation, 97 p. Wright, J.E., and Fahan, M.R., 1988, An expanded view of
Till, A.B., and Dumoulin, J.A., 1994, Geology of Seward Jurassic orogenesis in the western United States Cordillera:
Peninsula and Saint Lawrence IslaimdPlafker, George, Middle Jurassic (pre-Nevadan) regional metamorphism

and Berg, H.C., eds., The Geology of Alaska, The Geology and thrust faulting within an active arc environment,
of North America, v. G-1: Boulder, Geological Society of Klamath Mountains, California: Geological Society of
America, p. 141-152. America Bulletin, v. 100, p. 859-876.



This page has intentionally been left blank.



COMPOSITE STANDARD CORRELATION OF THE
MISSISSIPPIAN-PENNSYLVANIAN (CARBONIFEROUS)
LISBURNE GROUP FROM PRUDHOE BAY TO THE
EASTERN ARCTIC NATIONAL WILDLIFE REFUGE,
NORTH SLOPE, ALASKA

by
John F. Baesemann,! Paul L. Brenckle,2 and Paul D. Gruzlovic3

ABSTRACT

Composite standard treatment of microfossil-occurrence data provides a detailed biostratigraphic scheme
to correlate Middle Mississippian to Middle Pennsylvanian depositional events within the Alapah and
Wahoo Limestones of the Lisburne Group between Prudhoe Bay and the western and eastern areas of the
Arctic National Wildlife Refuge (ANWR). Lisburne deposition in ANWR, which preceded that at Prudhoe
Bay, spans about the same time interval but is represented by differing rock thicknesses which reflect local
variations in paleotopography, sedimentation, and post-Lisburne erosion. Reservoir-quality dolomites occur
widely across the study area in the upper Alapah Limestone and a coeval lower Alapah dolomite zone can
be identified in the ANWR sections. The change from Alapah to Wahoo sedimentation began in western
ANWR, then spread to eastern ANWR and finally to Prudhoe Bay. Numerous progradational shallowing-
upward cycles or parasequences characterize the Wahoo Limestone in northeastern Alaska.
Chronostratigraphic comparison of parasequence occurrences between western ANWR and Prudhoe Bay
shows that few of these parasequences correlate, suggesting that local sedimentary and tectonic processes,
rather than eustasy, controlled their formation. The Arctic seaway through Alaska has long been thought to
be the only pathway for migration of Late Mississippian and Pennsylvanian calcareous foraminifers from
Eurasia into North and South America, and vice versa. New information indicates that intermittent Early to
Middle Pennsylvanian highstands may have linked North Africa and western Europe to South America,
opening up auxiliary routes for the exchange of faunas.

INTRODUCTION

The possibility (Crow and Williams, 1987) of world-constrained chronostratigraphic framework for
class hydrocarbon reserves under the North Slopeeixtrapolating microfossil ranges from section to section,
the Arctic National Wildlife Refuge (ANWR) prompteddetermining age relationships of formational contacts,
this study to refine correlation of the Alapah and Wahatetermining the continuity of dolomite zones (the
Limestones, the two formations comprising therincipal reservoir rocks) within the Alapah Limestone,
Mississippian-Pennsylvanian (Carboniferous) Lisburrend correlating Wahoo parasequences.

Group in northeastern Alaska. Detailed measurement

and sampling of outcrops at Clarence River at@EOLOGIC SETTING

Katakturuk River within eastern and western ANWR,
respectively, and of cores from the Sohio Sag Delta 6 The Lisburne Group is a marine, predominantly
well at Prudhoe Bay (fig. 1) provided comprehensivearbonate sequence extending across Arctic Alaska into
lithostratigraphic and biostratigraphic control to predid¢anada. Deposition began to the south during the
the probable subsurface stratigraphy in the ANWRsagean (Tournaisian) in a deeper water setting and
coastal plain, where no well data were available to usecame progressively shallower as the sequence
Conodont and calcareous microfossil (foraminifergansgressed northward to an ancient shoreline along the
algae,incertae sedip occurrences were used teedge of the present-day Barrow Arch (Bird and Jordan,
construct a local composite standard for graphk977; Bird, 1980). In northeastern Alaska the Lisburne
correlation. This methodology produced a tightlys represented by the Alapah and Wahoo Limestones of

1Amoco Corporation, Exploration and Production Technology Group, P.O. Box 3092, Houston, Texas 77253.
2Consultant, 1 Whistler Point Road, Westport, Massachusetts 02790.
3Delta Environmental Consultants, Inc., 5401 West Kennedy Blvd., Suite 400, Tampa, Florida 33609.
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Meramecian to Atokan (Visean to Bashkirian) age. Thevaporite nodules are widespread throughout the
three Lisburne sections (fig. 2) of this study share marggressive phase.
lithologic similarities, although variation in  The formation is thickest at Clarence River, which
sedimentation rates, intraformational erosion, preentains the deepest water Alapah deposits of the three
Lisburne topography, and the amount of downcuttirgjudied sections. The greater depth is indicated by the
along the post-Lisburne unconformity account for locahterspersed encrinites and recessive, argillaceous
differences in thickness and lithofacies. Detailelryozoan packstone-wackestone throughout much of the
Lisburne descriptions for this region can be found, fanit, accompanied by reduced numbers of foraminifers
example, in Armstrong (1974), Armstrong and Mamehat would have thrived in a shallower shelf setting. The
(1974, 1975), Bird and Jordan (1977), Watts and othergpermost Alapah beds at the Katakturuk River section
(1994), Krumhardt and others (1996), and Harris amde recrystallized limestones (fig. 2) (Harris and others,
others (1997). 1997, fig. 2). They may have originated as cave fillings
Alapah sedimentation at Prudhoe Bay and Clarenderived from dissolution along a pre-Wahoo exposure
River conformably transgressed the paralic-continentirface (Watts and others, 1994) or from some local
facies of the Mississippian (Tournaisian-Viseartgctonic event (Wood and Armstrong, 1975). Whatever
Endicott Group. Katakturuk River was situated on the origin, there is no obvious gap or repetition in the
positive feature, the Sadlerochit high (Armstrong, 197fgunal succession associated with the interval.
Armstrong and Mamet, 1974; Mamet and Armstrong, The Wahoo in outcrop has been divided informally
1984); here the Alapah lies directly on Lower Paleozoiato lower and upper members (Watts and others, 1994).
rocks. The area evidently remained mildly positiv&he formational contact between the Alapah and Wahoo
throughout the Late Paleozoic because the Lisburiseplaced between the dark gray, recessive weathering
section at Katakturuk River is considerably thinner thatolomite-limestone of the Alapah and the light-gray
at the other localities and the Wahoo section is onewéathering, cliff-forming bryozoan-pelmatozoan
the thinnest regionally for that formation. grainstone-packstone-wackestone of the lower Wahoo
The Alapah Limestone is composed of aember. The latter unit is transgressive and represents
transgressive-regressive sequence. The lower pareturn to open-marine sedimentation following the last
contains dolomite, algal limestone, and peloidal-skeletastrictive episode at the top of the Alapah. The
packstone-grainstone, deposited in intertidal to restrictagpearance of slope-forming, yellow- to orange-
platform environments, that pass gradationally intweathering dolomite at the top of the cliffs marks the
bryozoan-pelmatozoan limestones formed in an opdmase of the upper Wahoo member. Although
platform setting. The upper Alapah represents tlparasequences are present within both Wahoo members,
regressive part of the sequence and was depositedhimse in the upper member are generally thinner and
restricted platform to intertidal environments. It idorm a characteristic ledge and slope topography. The
composed dominantly of skeletal mudstoneesistant, ledge-forming beds are composed of skeletal
wackestone-packstone, spiculitic dolomite, and dolomiéad oolitic grainstones, and in the upper part of the
containing cryptalgal laminations, fenestral fabric, anthember they also contain algBldnezella biostromes
solution-collapse breccia. Silicified and calcitizedqMamet and deBatz, 1989) and oncoliti©fagid)
shoals. The absence of the latter deposits in the
Katakturuk River section is probably related to
BEAUFORT SEA differential post-Lisburne erosion.

CLARENCE
RIVER

ALAPAH DOLOMITES

According to C.E. Bartberger (written commun.,
1986), upper Alapah dolomites (“medial dolomite” of
Bird and Jordan, 1977) are the most porous and
permeable facies within the Lisburne Group at the
Prudhoe Bay field. These beds are negligible
— hydrocarbon producers because they generally lie
beneath the oil-water contact, and most Lisburne
Figure 1.Location of study areas in northeastern Alaskaproduction comes from fractured Wahoo carbonates

Generalized stratigraphic columns for each area arligher in the column (Jameson, 1994). In the appropriate

illustrated in figure 2 and geographic coordinates are givegeologic setting the dolomites could be a viable

in the Locality Register. ANWR=Arctic National Wildlifeexploration target (Dolton and others, 1987). One of the

Refuge. objectives of this study, therefore, was to determine the
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Figure 2.Regional cross section of the Lisburne Group tied to the Mississippian-Pennsylvanian boundary (= first occurrence
of the conodorDeclinognathodus noduliferssibspp.). Katakturuk River outcrop sections are adjacent and were measured
continuously. The three Clarence River outcrop sections are not close together and were measured separately. Thickness or
depth on stratigraphic columns is in feBseudostaffellat the Morrowan-Atokan(?) boundary refers to the foraminiferal
subgenudPseudostaffella (Pseudostaffella).
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extent of dolomitization in ANWR outcrops. Mesozoisynchronous within the limits of resolution of the
erosion is thought to have removed much of the Lisburh@stratigraphic data. The first occurrence f
under the coastal plain (Bird and others, 1987). If onhoduliferuswithin the lower Wahoo member marks the
a remnant of the Lisburne is preserved in the ANWBase of the Morrowan Series (Pennsylvanian System)
subsurface, it would be the Alapah, including possibgnd that ofP. (Pseudostaffellpin the upper Wahoo
the prospective dolomites. Both the Clarence River aadproximates the base of the Atokan Series (Middle
Katakturuk River sections contain lower and uppdtennsylvanian).

dolomite zones within the Alapah (fig. 2). The upper The LOC in figure 4 is composed of an upper
zone is stratigraphically in the same position as s¢gment defined by the same taxa as in figure 3 and a
Prudhoe Bay, but it is unknown if a lower zone is presdotver segment extending from the basB afioduliferus

at Prudhoe because our study of the Sag Delta 6 wellthe top of the conodont form genfipatognathus
was confined to cored intervals that did not include théhere is a slight change in slope between the two

lower Alapah. segments, indicating minor differences in rock
accumulation ratesApatognathusdisappeared within

COMPOSITE STANDARD- the late Meramecian in the lower Alapah at Katakturuk

GRAPHIC CORRELATION River and Clarence River, but its presence at Prudhoe

Bay could not be confirmed because core of appropriate
The timing of depositional and erosional events &ge was not available for study.
critical to understanding the development of Lisburne Figure 5 illustrates stratigraphic implications
stratigraphy on the North Slope and we used tlwterpreted from the LOCs in figures 3 and 4. The
composite standard-graphic correlation techniqugsburne outcrops at Katakturuk and Clarence rivers
pioneered by Shaw (1964) to correlate the three sectiorsver nearly the same time interval whereas Lisburne
This methodology has been explained further in papefsposition began later in the Sag Delta 6 well, closer to
by Miller (1977), Edwards (1984, 1989, 1991, 1995})he Late Mississippian shoreline. The Katakturuk River
and Carney and Pierce (1995). A composite standattion (fig. 2) is considerably thinner than the Lisburne
was developed by initially graphing the Sag Delta 6 wedt the other two localities because it was deposited on
against the Katakturuk River section (fig. 3), théhe Sadlerochit high, where Lisburne sedimentation rates
designated standard reference section. The oldest (bagee probably slower and diastems more numerous.
and youngest (top) occurrences of taxa common to b&hrthermore, the older age of the top of the Wahoo
localities were plotted on an X-Y coordinate grid ohimestone at Katakturuk River (fig. 5) suggests greater
which the vertical and horizontal axes represent tleeosion here along the post-Lisburne unconformity. This
thicknesses of the two sections. The most reliable bag&grpretation is supported by the appearance of the
in the crossplotted array of points on the grid were usednodontsNeognathodusaind Neogondolellain the
to draw a line of correlation (LOC) that was used toppermost Wahoo at Sag Delta 6 aweognathodus
determine time-equivalent horizons on both axes. Initisbm the same level at Clarence River. Neither genus
graphing permitted fossil range data from the Sag Delteas found in the upper Wahoo at Katakturuk River,
well to be combined (composited) with those frorwhere the taxa would be expected if these beds are time-
Katakturuk River, including all taxa from both sectiongquivalent to the other sections. The Wahoo interval
not just those in common. This integrated informaticstbove the appearance PB$eudostaffellds also much
became the X axis, or composite standard, of a névinner at Katakturuk River than at the other localities
crossplot (fig. 4) to correlate against the Clarence Riv§fig. 2), which is another indication of local differential
sections on the Y axis. The composite standard axis veassion.
assigned a linear scale of time units (composite standardThe lower Alapah dolomite zone (figs. 2, 5) was
units, or CSU) tied to the age of appearance deposited almost synchronously between Clarence River
disappearance of key taxa, and the relative timing afd Katakturuk River, but the composite standard
stratigraphic events was then extrapolated from oirglicates that lower Alapah dolomite in the Sag Delta
section to another. well, if present, would be appreciably younger than and,
In figure 3 the LOC was defined by appearances thferefore, probably discontinuous with the one in
the conodont speci&eclinognathodus nodulifered ANWR. The upper Alapah dolomite zone represents a
the foraminiferal subgenusPseudostaffella widespread regression across the North Slope.
(Pseudostaffellp Both taxa occur with their Deposition of this interval began at Katakturuk River
evolutionary antecedentShathodus girtysimplexand and persisted there the longest on the Sadlerochit high,
Pseudostaffell§Semistaffell respectively] at the three although the youngest dolomites are found in the Sag
localities, and their appearances are deemed to elta 6 well. The Alapah-Wahoo contact (fig. 5) is time
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Figure 3.Graphic correlation crossplot of stratigraphic occurrences of conodonts and calcareous microfossils from the Sag
Delta 6 well vs the Katakturuk River composite section. The dashed lines extending from the line of correlation (LOC) at
the base ofD. noduliferusintersect the vertical and horizontal axes at the position where the species first occurs in the two
localities. In a similar manner the LOC can be used to find other equivalent horizons. Taxon names other than those
defining the LOC are not included in this or figure 4 to reduce clutter on the diagrams. Base = oldest occurrence of a taxon;
top = youngest occurrence.

transgressive. Lower Wahoo lithologies occur first aflacial episodes (for example, Ross and Ross, 1985a;
Katakturuk River and spread diachronously to Clarenteevers and Powell, 1987). If these sequences truly

River and finally Sag Delta. reflect global eustacy, they should be correlative over
wide areas. Indeed, claims have been made that Wahoo

WAHOO PARASEQUENCE parasequences are closely correlative across the North

CORRELATION Slope (B. L. Mamet, written commun. to J. R. Groves,

March 1987) and represent the same parasequences seen
Pennsylvanian strata worldwide exhibit large-scal@) coeval rocks in Nevada (Carr and Budd, 1987).
transgressive-regressive sequences and classic, smallTo test their local continuity, we determined the
scale parasequences whose origins have been linkedumber of Wahoo parasequences at Katakturuk River
eustatic sea-level changes controlled by Gondwanand Sag Delta 6 and correlated the Katakturuk
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Figure 4.Graphic correlation crossplot of conodont and calcareous microfossil occurrences at the Clarence River composite
section vs microfossil ranges composited from the Sag Delta 6 well and the Katakturuk River composite section. Horizontal
axis is a linear time scale expressed as composite standard units (CSU). LOC = line of correlation; base = oldest occurrence
of a taxon; top = youngest occurrence

parasequence boundaries to the equivalent stratigrapgdriovided the accommodation space to develop the
position in the Sag Delta well based on the LOC showelatively thick and numerous parasequences seen in the
in figure 3. The results (fig. 6) show 17 Waho&ag Delta well. In contrast, Katakturuk deposition was
parasequences at Katakturuk River compared to 2%imthe Sadlerochit high. Here, slower sedimentation and
the Sag Delta well, excluding the uncored interval idiastems at the Mississippian-Pennsylvanian boundary
the upper Wahoo. The fewer parasequences (Bfarris and others, 1997) and probably at other horizons
Katakturuk are in part attributable to greater erosiaccount for the thinner and fewer preserved
along the post-Lisburne unconformity, but th@arasequences. Furthermore, graphic correlation
discrepancy in number and thickness between the t(figs. 3, 6) shows that the basal one to two parasequences
localities suggests that local tectonism strongly modified Katakturuk River are time-equivalent to the upper
any eustatic control on sedimentation. Alapah dolomite beds at Sag Delta 6. This correlation
The Wahoo Limestone at Prudhoe Bay was depositegrees with the local paleogeography, as the Prudhoe
in a northeast-trending depression called the CanniBgy area at that time was proximal to the shore (Jameson,
sag (Armstrong, 1974). Subsidence within this basit994), whereas Katakturuk River was in a more seaward
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. northeastern Alaska and can provide a fairly reliable
csu S%h'l‘: 3639 Kat;.kt”"‘k c';fence scheme for local Mississippian-Pennsylvanian
10,800 — e i i correlation. The order of appearance and, to a lesser

M extent, disappearance of these microfossils produces
10,700 — l—\""'\—\_,,-I"".r,.‘ an operational basis for correlating the Lisburne
10.600 — regionally (fig. 7). The relationship to coeval strata

’ W within sub-Arctic North America is complicated
10,500 — ﬁ because of the absence of key taxa or migration
10.400 — (] between the twoegions.

’ o The Endicott Group, examined only at the Mosquito
10,300 — Pennsylvanian Ridge section (fig. 2), contains scarce Meramecian
10.200 — Mississippian c_a_lgareo_us_ micrqfossils becz_iuse of the mostly

’ siliciclastic lithologies. Alapah biotas are also sparse
10,100 — \\’ R P — because of the predominant dolomites, relatively deeper
10.000 — Upper Dolomite water argillaceous carbonates, and covered intervals

’ in outcrop; they range from late Meramecian to late

9,900 — Chesterian. Diversity and abundance increase in the
lower Wahoo member, and algae and foraminifers
9,800 - \ A proliferate in the upper Wahoo, where pervasive shallow-
9,700 — ? L water shelf environments are most favorable for their
9.600 ':‘ development. The Mississippian-Pennsylvanian
R A (Chesterian-Morrowan) boundary falls near the top of
9,500 — H the lower Wahoo member and the Morrowan-Atokan(?)
boundary within the upper Wahoo member. The
9,400 — calcareous microfossil succession at Katakturuk River,
9,300 — which is representative of the Lisburne localities
Lower Dolomite studied herein, is discussed and illustrated in Harris and
9,200 - others (1997).
9100— 1 1 1 Arctic foraminiferal faunas in both Alaska and
Canada are more closely related to Eurasia than to the

rest of North America, although there are enough
Figure 5. Composite standard chronostratigraphic correlatiorsimilarities  for intracontinental correlation.
of major Lisburne stratigraphic events across the studyaleogeographic and paleoenvironmental conditions in
area. Composite standard units (CSU) represent time lingie Late Mississippian-Pennsylvanian (Ross and Ross,
1985b) prevented some Arctic taxa from migrating into
position. Most parasequences are autocyclic. Few @ub-Arctic North America and delayed others so that
be matched across the North Slope—much less #gpearances are commonly diachronous (Harris and
distance separating northern Alaska from the southeners, 1997). For exampléJobivalvuling which is a

United States. reliable marker for the base of the Pennsylvanian in the
conterminous United States (Mamet, 1975), first occurs
BIOSTRATIGRAPHY AND in the upper Alapah Limestone, well below the
Mississippian-Pennsylvanian boundary in northeastern
BIOGEOGRAPHY Alaska (figs. 2, 7). Converselidillerella marblensis
CALCAREOUS MICROFOSSILS and M. pressaare common near the base of the

Pennsylvanian in the sub-Arctic Americas, where they

Calcareous microfossils have long played @riginated, but are so rare in the Arctic that they have
prominent role in dating the Lisburne Group withirittle biostratigraphic use.
Arctic Alaska (for example, Armstrong and Mamet, Pseudostaffella (Pseudostaffelia)another case in
1974, 1975, 1977; Mamet and Armstrong, 1972, 198ddint. Its appearance defines the Morrowan-Atokan
but, for various reasons, interpretations based on théseindary across North America (Mamet, 1975; Groves,
microfossils have provided discrepant results for locaP86). The taxon developed in Eurasia (Groves, 1988)
and regional correlation (Krumhardt and others, 1998rough the lineag®lectostaffellaPseudostaffella
Harris and others, 1997). Nevertheless, the Lisbur(@emistaffellx PseudostaffellaPseudostaffellp
microfossil succession is generally consistent acroshich is also present in northeastern Alaska. However,
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Figure 7. Selected conodont and calcareous microfossil ranges composited from occurrences at Sag Delta 6, Katakturuk River and Clarence River. Range lines extend between first and last positive occurrences that were used to position the bases and tops in figures 3 and 4. Top of Meramecian placed

at last occurrence of Koninckopora at Katakturuk River and Apatognathus at Clarence River, base of Pennsylvanian at first occurrence of Declinognathodus noduliferus subspecies and base? of Atokan at first occurrence of Pseudostaffella (Pseudostaftella). The lengths of the stratigraphic columns

at the top of the figure are scaled to relative time (CSU), not thickness. CSU

Sforaminifer; a = alga, i = incertae sedis.

Composite standard units, ¢ = conodont, f
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P. Pseudostaffellapppears without its evolutionary(1996) and Harris and others (1997). These authors
antecedents in sub-Arctic North America, suggestingreclude systematics and discussions of ranges and
later arrival in that area (Groves, 1988). If this is true,environmental associations. The latter paper includes a
Pseudostaffelldbased Morrowan-Atokan boundarydescription of the Katakturuk River conodont faunas.
must be diachronous between Alaska and southern Novtttually all Lisburne conodont taxa (fig. 7) have been
America, accounting for the uncertainty in placemengported from the Midcontinent, Appalachian, and
of that boundary in this paper. Cordilleran areas of the United States, where
The distinctness of Arctic Carboniferousassemblages are more diverse. Because the ranges of
foraminiferal assemblages from sub-Arctic Nortlsome taxa vary between northeastern Alaska and sub-
America and their affinities to Eurasia have beeswrctic North America, current sub-Arctic North
recognized for some time (Mamet and Belford, 196&merican conodont zonal schemes do not apply to the
Armstrong and Mamet, 1977). Ross (1967) proposétsburne. Krumhardt and others (1996) and Harris and
Eurasian-Arctic and Midcontinent-Andean realms tothers (1997) used a simplified Lisburne conodont zonal
characterize the differences between the Old and Nesheme that reflects these differences in faunas and
World faunas. Ross and Ross (1985b) postulated thamges.
during the Late Mississippian-Pennsylvanian the Arctic In this study the Mississippian-Pennsylvanian
shelf was the primary migration route for Eurasian forn{f€hesterian-Morrowan) boundary is defined at the three
into North and South America (fig. 8) and that theections by the appearance of the conodont
temperate to colder Arctic waters prevented unrestrictBéclinognathodus noduliferusubspecies which also
entry into the New World, accounting for thedefines the Mid-Carboniferous boundary inter-
compositional differences between realms. continentally (Lane and others, 1985; Brenckle and
New evidence suggests that at least for the Earlydthers, 1997). The Morrowan-Atokan (Early-Middle
Middle Pennsylvanian there may have been migrati®ennsylvanian) boundary is picked at the base of the
routes also from North Africa and western Europe foraminiferal subgenuBseudostaffell@Pseudostaffelln
South America, most likely associated with intermittefithe appearance of this subgenus may not be
highstand incursions into the Amazonian seaway (fig. 8ynchronous between northeastern Alaska and sub-
Altiner and Savini (1995) reported a possible connectidrctic North America as discussed in the preceding
in the Morrowan after discoveringlectostaffellain calcareous microfossil section. Conodont evidence does
northern Brazil. They also found specimens of thsot totally clarify this issue but suggests that the amount
pseudovidalinid foraminifeAsselodiscusrom upper of diachroneity is not substantial. In sub-Arctic North
Atokan rocks. Both of these Eurasian genera occurAmerica, the conodont genlgiognathodudirst occurs
the Arctic (Groves and others, 1994; Henderson ahdlowP. (Pseudostaffella(Lane and others, 1972), but
others, 1995). Because they are unknown elsewherénirEurasia (for example, Nemirovskaya and Alekseev,
North America, it is unlikely that they migrated intal995) the order of appearance is reversed. If the base of
South America from that direction. Amoco unpublisheltliognathodusepresents a time line, (Pseudostaffella
collections from outcrops along the Macuma River iwas delayed in entering sub-Arctic North America. In
Ecuador and from wells in Peru cont®&ilectostaffella all Lisburne conodont localitidsliognathodusappears
Pseudostaffell@PseudostaffellpandP. (Semistaffelln  aboveP. (Pseudostaffellnexcept at Clarence River,
These highstand migration routes may have providedhere a single specimen of the conodont was found in
an opportunity for native American taxa to enter Eurasife upper Wahoo member below that foraminifer. It may
Villa Otero (1995, pl. 1, figs. 22, 24) illustrathtllerella  be argued tha®. (Pseudostaffellpis out of sequence at
marblensis from Bashkirian (Early-Middle Clarence River, but the shallow water environments of
Pennsylvanian) rocks in the Cantabrian Mountains tife upper Wahoo are much more hospitable for
Spain. The same faunas contdiseudostaffella calcareous foraminifers than conodoRseudostaffella
(Pseudostaffellp P. (Semistaffelln(Villa Otero, 1995, (Pseudostaffellais common throughout the upper
pl. 5, figs. 9-12) and probablelectostaffella(Villa Wahoo and its appearance is probably synchronous,
Otero, written commun. to Brenckle, April 1996). liwhereas that ofdiognathodusis variable because of
would seem more plausible to brigy marblensisnto  generally unfavorable conodont facies. Environmental
Europe directly from South America than to proposefactors apparently restricted the appearance of

circuitous migration around the Arctic shelf. IdiognathodusbelowP. (Pseudostaffellgin the Lisburne
in contrast to sub-Arctic North America where the
CONODONTS conodont genus occurs abundantly and consistently from

Lisburne conodont biostratigraphy from northeastethe beginning of its range. Nevertheless, the evidence
Alaska is discussed in detail by Krumhardt and othergicates that the stratigraphic succession of the two taxa
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[ Jland [ |marineshelf [ | deep water

Figure 8 Middle Pennsylvanian paleogeographic reconstruction modified from Golonka and others (1994). Solid arrow represents
the major (Arctic) pathway across the North Slope (NS) for migration of calcareous microfossils from Eurasia into the
North American-Andean Realm during the Late Mississippian and Pennsylvanian. Open arrow represents direction of
possible intermittent incursions of calcareous microfossils into the Amazonian seaway (AS) from North Africa and western
Europe during the Early to Middle Pennsylvanian

is the same within North America. Since this is the casmntinuation of the Katakturuk River locality about

the age discrepancy in the appearancePof 0.4 km to the east, begins in the recrystallized zone at
(Pseudostaffellsbetween sub-Arctic North America andhe top of the Alapah Limestone and continues through
Alaska is considerably less than that between sub-Ardiiee overlying Wahoo Limestone into the basal beds of

North America and Eurasia. the overlying Echooka Formation; 155 samples were
analyzed for microfossils.
LOCALITY REGISTER Mosquito Ridge section, eastern Brooks Range:

SW1/4 NW1/4 sec. 13 and SE1/4 NE1/4 & NE1/4 SE1/4
Sohio Sag Delta 6 well, NE1/4 SE1/4 sec. 2, T. Kec. 14, T. 1 N., R. 44 E., Demarcation Point B-1
N., R. 15 E., Beechey Point B-3 Quadrangle Map, U.Quadrangle Map, U.S. Geological Survey, 1956, scale
Geological Survey, 1955, scale 1: 63,360. Core samples63,360. The section consists of the basal Alapah
were taken from the upper Alapah and Wahoddmestone and the underlying Endicott Group. It is
Limestones; 219 samples were analyzed for microfossliscated on a southeast-facing hillside about 6 km
Katakturuk River section, western Sadlerochitorthwest of the Clarence River Southwest section;
Mountains: SW1/4 SW1/4 sec.19, T. 3 N., R. 27. E19 samples were analyzed for microfossils.
Mt. Michelson C-3 Quadrangle Map, U.S. Geological Clarence River Southwest section, eastern Brooks
Survey, 1955, scale 1: 63,360. The section, measuRahge: W1/2 SE1/4 sec. 21 and NE1/4 NW1/4 & NW1/4
along the west river bank, begins at the base of tNE1/4 sec. 28, T. 1 N., R. 45 E., Demarcation Point
Alapah Limestone and ends at the Alapah-WahoB-1 Quadrangle Map, U.S. Geological Survey, 1956,
Limestone contact at the top of the recrystallized zorszale 1: 63,360. The section begins at the Endicott-
116 samples were analyzed for microfossils. Alapah contact on the upper part of a south-facing
Katakturuk River West section, western SadlerocHiillside and continues down the north-facing dip slope
Mountains: SE1/4 SE1/4 sec. 24, T. 3 N., R. 26 E., Mif that hill until it ends in the upper Alapah along the
Michelson C-3 Quadrangle Map, U.S. Geologicallarence River; 158 samples were analyzed for
Survey, 1955, scale 1: 63,360. The section, microfossils.
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Clarence River Northeast section, eastern Brooksmstrong, A.K., and Mamet, B.L., 1975, Carboniferous
Range: W1/2 SE1/4 & NE1/4 SW1/4 sec. 22, T. 1 N., biostratigraphy, northeastern Bropks Range, Arctic Alaska:
R. 45 E., Demarcation Point B-1 Quadrangle Map, U.S. U-S. Geological Survey Professional Paper 884, 29 p.
Geological Survey, 1956, scale 1: 63,360. The section 1977, Carboniferous microfacies, microfossils, and
is on a south-facing cliff along the right bank of the corals, Lisburne Group, Arctic Alaska: U.S. Geological

: . Survey Professional Paper 849, 144 p.
Clarence River 1 km east of the Clarence Rivey, :
South . It begi in th Al %rd, K.J., 1980, Petroleum exploration of the North Slope,
_OUt west section. _t egins in the quer apa Alaska,in Mason, J.F., ed., Petroleum geology in China:
Limestone and continues to the overlying Wahoo principal lectures presented to the United Nations

leeStone-EChOOka FOI’matIOH COﬂtaCt, 172 Samp|eS International mee“ng on petro|eum geo|ogy’ Be|J|ng,

were analyzed for microfossils. March 1980: Tulsa, PennWell Publishing Company,
p. 233-248.
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ENIGMATIC SOURCE OF OIL FROM CHUKCHI SEA,
NORTHWESTERN ALASKA

by
Arthur C. Banet, Jr! and Thomas C. Mowatt

ABSTRACT

North Slope exploration is expanding to the Chukchi Sea. Thus far, five wells have been drilled in this vast
province. This drilling has yielded noncommercial discoveries of gas or oil in four wells, drilled on the
initially perceived most-promising prospects. With some modification, the major stratigraphic depositional
systems of the North Slope persist offshore. However, indigenous and primary reservoir properties are
limited to the Neocomian Breakup Sequence sandstones, rather than the Ellesmerian reservoirs of the
Prudhoe Bay area found downsection.

Of the known North Slope oil-source rocks, geochemistry shows that the predominantly carbonate Shublik
Formation is the richest source rock of the Chukchi area. However, the Chukchi oil does not correlate well
with the Prudhoe oil suite which is also derived from the Shublik. Instead, the chemistry of the Chukchi oil

indicates it is derived from marine clastic rocks. Drilling in the Chukchi Sea shows that none of the potential
marine clastic rocks have sufficient organic richness or kerogens to generate oil.

INTRODUCTION

The United States’ portion of Chukchi Outer Basement rocks are unconformably overlain by the
Continental Shelf (OCS) encompasses some 130,0fttherly-derived Ellesmerian sequence (Lerand, 1973).
km,? located between northwestern Alaska and thgpper Mississippian through Triassic Ellesmerian rocks
Chukhotsk Peninsula and south of latitude (fi@. 1). include carbonate, shale, and predominantly quartzitic
It is entirely north of the Arctic Circle and probably theandstone. These sediments covered a south-facing,
most remote part of OCS to explore. Onshore exploratipassive continental margin. Exploratory drilling near the
drilling began in the 1950s around Barrow and spreadast has revealed much about proximal depositional
southwest. Government-sponsored drilling and, latgmvironments (versus correlative distal depositional
drilling by industry, took place during the 1970s andnvironments, as exposed in the Brooks Range). The
1980s. Gas shows were common but developmentSadierochit and Endicott sands are important reservoirs
limited to the Barrow area. To date, five wells have tested Prudhoe Bay; Lisburne carbonates are of less

the offshore. importance. The Ellesmerian section is uplifted and
truncated from highs along the Barrow Arch.
REGIONAL GEOLOGY The Jurassic through Lower Cretaceous “Breakup

Sequence” records the transition from northerly to
Across the North Slope, Proterozoic through uppsbutherly derived sedimentation. Onshore, the coarse-
Devonian basement rock consists of various schigtained members are restricted to the Barrow Arch and
quartzite, carbonate, and argillite lithologies. In thgre found in the subsurface along the present coast. They
Chukchi area, regionally extensive carbonatgre known as (or correlative to) Carman and Hardwick’s
depositional sequences attain thicknesses of sevesatrovian Sequence (1981) [Craig and others (1985),
thousand meters. Basement complex is shallowest in tiigt Sequence; and Hubbard and others (1987),
subsurface along the present-day coastline. From #eaufortian Sequence]. Where preserved, the Breakup
Pt. Barrow area, it plunges southeast as the Barrow Arglaquence records the effects of rifting events that
which is a series of Late Jurassic to Early Cretacedugiated formation of the Arctic basin (fig. 1). The Lower
uplifts which formed concordantly with rifting eventsCretaceous unconformity refers to the culmination stage
(fig. 2). Generally, the North Slope’s prerift, southof uplift, truncation of the Ellesmerian section, and some
dipping sediments are uplifted and truncated to varyimgisement lithologies along the Barrow Arch during the
extents on the arch’s south flank (fig. 3). rifting events on the North Slope. However, within the

1Bureau of Land Management, Anchorage, Alaska 99507.
2Consultant, Port Orford, Oregon 97465.
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of Colville basin

Figure 1.Location map showing Alaska, NPRA, Arctic Canada, U.S. Chukchi (shaded), and axes of Colville and Sverdrup
Basins (dashed).
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Breakup Sequence, local and internal unconformitieéagnostic biomarker 28,30-bisnorhopane. The Shublik
within the Jurassic Kingak Shale are numerous aRdrmation present in the Chukchi Sea is lithologically
usually of limited lateral extents, indicating lesser eventsimilar and has very good source-rock characteristics.
Breakup Sequence sands having reservoir potential Jurassic through Lower Cretaceous Breakup
are thinner than and less areally extensive than Prudi8egjuence sands and shales overlie the Ellesmerian
Bay area reservoirs. These sands record depositgmttion. Unlike the onshore part of the North Slope, the
directed from several isolated and ephemeral highs. Th@e-Bajocian part of the Kingak Shale has been widely
are petrographically mature quartz arenites and siminoded from the Chukchi platform. The upper Kingak
to the Sadlerochit Group and Endicott Group reservoihale is also comparatively thin and is missing from the
at Prudhoe Bay. Diamond well (fig. 2). In the Lower Cretaceous section,
In contrast, subsequent southerly derived Brookiaands are mostly fine grained, well sorted quartzose
sequence (Lerand, 1973) depositional sequences corsitiitharenites—quartz litharenites. Medium- to coarse-
mostly of shale and chert litharenites. These ageained fabrics and detrital clays are subordinate. There
predominantly regressional depositional sequenca also traces of chert, argillaceous clasts, and carbonate
which extend from onshore through the entire Chukchrains (Mowatt and others, 1995). Typically, these
area. Hubbard and others (1987) describe regiomakakup Sequence sands rest on or are stratigraphically
Brookian sedimentation consisting of distinct pulses akar the Lower Cretaceous unconformity.
east-northeast-trending clastics. After filling the Colville Brookian sediments are interbedded, predominantly
Trough, their distal portions overstep the Barrow Arctine- to coarse-grained chert litharenites, siltstones, and
and fill both the Chukchi and Beaufort platforms. Thghale from marine through lacustrine and coal-bearing
Torok Formation (Aptian) and mostly nonmarinenvironments. Lower Brookian rocks range from post
Nanushuk Group (Albian) record Lower to middleifting lower to mid-Cretaceous and overlie the Breakup
Cretaceous sedimentation in the western part of tBequence across the Chukchi (Thurston and Theiss,
North Slope. Upper Cretaceous through Lower Eoceh®87). These are equivalent to the Nanushuk Group and
middle Brookian rocks overlie the Nanushuk Group aridbrok Formations. Onshore, these units crop out in tight
are restricted to the central and eastern parts of the Naymmetrical folds that form the Brooks Range foothills.
Slope. Post-Middle Eocene, upper Brookian clasti€ffshore, correlative rocks crop out at the sea floor. Pre-
overlie the Nanushuk Group in the Chukchi and Middlaulting burial has generated subbituminous coal

Brookian rocks to the east. throughout the section. Offshore exploration drilling
shows the basal Tertiary section has impressive reservoir
CHUKCHI GEOLOGY potential with thick sandstones, up to 165 m (Sherwood

and others, 1995). The overlying upper Brookian
Recent exploration drilling in the Chukchi Sea hasonsists of loosely consolidated sands, silts, and clay.
penetrated middle Ellesmerian Lisburne Group
carbonates of Late Mississippian age. Seismic daBEQCHEMISTRY
indicates these carbonates are very thick in the Chukchi
Sea, as are the underlying clastic units and older The Prudhoe oil is the most significant oil type on
carbonates (Thurston and Theiss, 1987). Thrétee North Slope in terms of volume, geographic extents,
exploration wells have encountered upper Ellesmeriaand economic development potential. It is the yardstick
late Permian clastic rocks. These fine-grained sedimetdswhich all other North Slope oils are compared.
correlate in age to the major reservoirs of the PrudhBeudhoe oils (table 1) are found between Barrow and
Bay field, the Sadlerochit Group. Drilling data showthe Pt. Thompson area and are restricted to the subsurface
the sands have appreciable thicknesses wheafahe coastal plain. Prudhoe oil does not occur at seeps
encountered. However, these Sadlerochit lithologies laok oil-stained sandstones. The geochemical signature
appreciable reservoir characteristics in this part of timicates it is a marine oil type, derived from the Shublik
Chukchi Sea. and Kingak Formations and Pebble Shale unit (Seifert
The Triassic Shublik Formation is the main sourcend others, 1980; Magoon and Claypool, 1981).
rock for the Prudhoe Bay oil (Seifert and others, 1979hermally mature and nonbiodegraded, it has high
Logs from the Chukchi Sea and across the North Slopéfur content (greater than 1%), high metals (Ni and
describe the Shublik Formation as interbedded sil§) contents3C isotopes between about -29/@ and
limestone or limy siltstone and shale with abundant fossi0.5%o0, and API gravities ranging from 2@ about
and phosphate nodules. In the Prudhoe Bay area, keroglis(averaging about 2% Biomarker hopane and
from carbonate facies provide the high sulfur contersterane contents are present in low concentrations and
high metals content, high diasterane content and tmgstane:phytane ratios are about 1.0 (table 1).
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The Shublik Formation is a marine carbonate facilsermally mature than the Prudhoe oil. Umiat oil is
rich in sapropelic organic material. Phosphate nodulssind in both wells and seeps in the foothills and on
and shale are common; Shublik kerogens contributda coastal plain.
the high sulfur content, high metal content, and triterpane Exploration drilling shows that correlative source-
biomarker parts of the Prudhoe oil (Banet, 1994). Thieck lithologies are present throughout the Chukchi
Kingak kerogens are a likely source of diasteranes shelf. Figure 5 shows the general area where these pre-
the Prudhoe oil and also modified its isotopic signaturBrookian source rocks are projected to be thermally
Pebble Shale kerogens, where thermally mature, afeature. Total Organic Carbon (TOC) values are high
contribute both diasteranes and the extended hopameugh to suggest there is good source-rock potential
fraction to the Prudhoe biomarker spectra that are absenthe Pebble Shale unit, Kingak Shale, and Shublik
from the other two source rocks (fig. 4). Formations (fig. 6). There is also unexpected organic

The Umiat oil is another oil type found primarilyrichness in the underlying Sadlerochit Group equivalent
in NPRA and commonly compared to the Prudhoe dithology.

(Magoon and Claypool, 1981). Its chemical Geophysical and lithologic logs describe the
characteristics indicate it has been generated fronpatential source rock units at Klondike well. Compared
marine clastic source with no carbonate input (table #jith the Prudhoe Bay area, both the Pebble Shale unit
Diasterane and tricyclic contents suggest it is moasd Kingak Shale are silty and thin. Lithological

C29 norhopane

c31 €30 hopane

5 Prudhoe m/z 217 m/z 191
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Figure 4.Comparison of gas chromatographs (first column) and biomarker spectra (m/z 217 and m/z 191) from NPRA (modified
from Magoon and Claypool, 1985). m/z = mass/charge.
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descriptions show the Shublik Formation consists of Geochemically, the oil from the Klondike well and
fossiliferous and interbedded, mixed carbonate, shallee minuscule amount from the Burger well share
and siltstone lithologies. The siltstone is typically chalkgimilarities, even though they have different API
and the shale is dark gray, fissile, organic-rich, and oifyravities (Banet, 1994). Figures 7 and 8 show the
Forams are common. This also describes the Shulthukchi oil has'3C ratios with a range suggestive of
Formation near Prudhoe Bay. marine sources and overall biomarker distributions
All three Prudhoe oil type source rocks are presesimilar to the Prudhoe oils. Most significantly though,
across the Chukchi Sea. They also have sufficient orgathiey lack the major geochemical characteristics common
carbon contents to be considered good source rodksmarine carbonate source rock such as the Shublik.
However, analysis of the Klondike well shows type | an@hukchi oil differences from the Prudhoe type oils
Il kerogens mostly in the Shublik Formation (fig. 6). linclude lower sulfur content (much less than 1%), lower
contrast, the Pebble Shale and Kingak Shale hawetals content, higher pristane:phytane ratios
predominantly type Il kerogens with no oil-sourcégreater than 1.5), lower V:/V+Ni ratios and
potential. They show significantly less source potentiatomatics:saturates:NSO ratios, and higher API gravity
than most areas on the North Slope. Thus, only the Shulflables 1, 2). The high API gravity and diasterane content
Formation and perhaps some facies of the Sadlerochiggest these oils are thermally altered.
Group have enough hydrogen-rich kerogens to have Many of the geochemical characteristics are similar
generated hydrocarbons for this area of the Chukchi.to Umiat oils, i.e. derived from marine clastic source
rocks. However, the biomarker distributions of the
OlL Chukchi and Umiat oils are dramatically different
(Banet, 1994). Chukchi oil has higher sterane:diasterane
Oil was recovered from the Shublik Formation atatios than those of Umiat oils. Chukchi oil spectra at
3,022 m depth from the Klondike well (OCS-Y-1482jn/z 191 have a well-developed series of extended
during a drill bit change. Examination of the loghopanes. There is a diagnostic peak for 28,30-
suggests oil is also present in a Breakup Sequersnorhopane and Ts greater than Tm. These are not
sandstone at 2,492-2,507 m. However, there were foand in Umiat oils. In addition, Chukchi oil spectra
tests. At the Burger well (OCS-Y-1413), repeatdiffer from those of Prudhoe oil at m/z 191. These spectra
formation tests yielded hydrocarbons from a Breakughow that the Chukchi oil has fewer tricyclics,,C
Sequence sandstone between 1,695 and 1,727mmuch less than £ hopane, and Ts equal to or greater
Abundant dry gas and a few milliliters of liquidthan Tm (figs. 4, 9). Chukchi oils have the chemical
hydrocarbon were recovered (table 2); so far, these ahmmacteristics of being derived from a marine clastic
the only data available. sourceHowever, the geochemical data and source-rock

Table 2.Comparison of geochemical data

Kuparuk Prudhoe Umiat Klondike Burger
Depth 1,770-1,920 2,560-2,745 to 300 3,022 1,695
Reservoir Kuparuk Sadlerochit Nanushuk Tria8sic Breakup
Temperature 65 93 <32 95 52
Gas cap no yes no no yes
API gravity 24 22-32 19-39.2 35.3 32-57
% Sulfur 1.67 0-79-1.49 0.04-0.29 0.18 0.04-0.06
Gas:olil ratio 450 730 -- -- --
% saturates 38.9 38.9 67 66.2 70.5
% aromatics 55.1 54.4 33 26.1 11.0-21.3
pr/ph <1.50 1.0 >1.5 1.9 1.4-1.7
CPI 1.0-1.5 0.97 1.02-1.05 -- --
Ni 217 10-30 0.2-4.5 -- 0.9
\% 58.0 20-60 0.2-0.7 -- 0.35
V:V+Ni 0.73 .62-.74 0.11 -- 0.28
13C ppt -30.2 -29.89 -- -30.56 -28.3
Triterpanes tri/pent 0.63 0.11-0.27 0.51 0.57 --

4 ogs show oil in Breakup Sequence sand recoved from Triassic.
- - = No data.
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analyses show it is not derived from the same sourceirgsrpretations suggest there is no difference between
the Umiat oils. the Shublik Formation where it is thermally mature in
This, then, is the enigma of the Chukchi oil. Wheredke Chukchi Sea and around Prudhoe Bay. This
its chemical signature indicates it is derived from a mariseggests the Shublik Formation generates two
clastic source-rock, none of the marine shales in thestinctly different oils from the same source
Chukchi have kerogens with sufficient properties to halihologies.
produced oil. Only the Shublik Formation has sufficient One possible explanation may come from
organic carbon, requisite kerogen types, and necessaysidering a proposed prerift geometry of the Arctic
thermal maturity to be the source of the oil, as it is aroufifiilleur, 1973). A clockwise rerotation of the land
Prudhoe Bay. However, the Chukchi oil is dramaticalijpasses closes the Arctic basin and restores the original
different. Parrish (1987) describes regional variatioqmsitions of the sediment sources This reconstructed
within the Shublik Formation lithology; however, hererotation juxtaposes the North Slope Colville and
projections of the Shublik depositional facies and the I&yerdrup basins (fig. 8). Embry and others (1994) show
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stratigraphic and paleontologic correlations that supp&tlfur contents are low, metals contents are low,
prerift similarities between the Tunalik well in westerpristane:phytane ratios and saturates:aromatics:NSO
NPRA and the Canadian Arctic Islands, Brock 1-20, amdtios are also similar to those of the Chukchi oil. In
Cape Norem A-80 wells in the Sverdrup Basin. addition, the biomarker spectra are nearly identical,
Brooks and others (1992) and Curiale (1992hcluding low triterpane content, no ,EC,,
demonstrate that the Sverdrup oils and condensateskasaorhopanes, & much less than Lhopane, and a
from a single genetic family and originate from organisvell-developed extended hopane series. The
rich facies within the Triassic Schei Point Groupconcentration of Ts is greater than the concentration of
Geochemical variations reflect differences in thermam in only these and the Chukchi oils of the ten types
effects (Curiale, 1992). Limestone, calcareoudentified on the North Slope. These oil and source-rock
sandstone, and black organic-rich shale compose twrelations are as well supported by the available data
source rocks of the Schei Point Group (Stuart-Smith aad any of the current oil-oil and oil-source rock
Wennekers, 1977). These lithologic descriptionsorrelations on the North Slope (Banet, 1994).
correspond well with those for the Shublik Formation. By considering the rerotation of the Arctic Basin,
Table 3 and figure 9 show the geochemical analys#e spatial relationship between the Chukchi oil and the
and biomarker distributions for the Sverdrup Basin oil§hublik Formation assumes a new perspective.

W. Hecla m/z 217 - m/z 191
RM
Thor P38

U b i

Figure 9.Comparison of gas chromatographs (first column) and biomarker spectra (m/z 217 and m/z 191) from Sverdrup
Basin. m/z = mass/charge.
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Lithological and subsequent geochemical relationshifgrman, G.J., and Hardwick, Peter, 1983, Geology and
may be more closely related between the Chukchi Searegional setting of the Kuparuk River Oil Field: American
and Sverdrup Basin areas than between the Chukchi Sedissociation of Petroleum Geologists Bulletin, v. 67, no. 6,
and Prudhoe Bay areas. This intriguing relationship P- 1014-1031. _
suggests that the Shublik Formation is a potential soué)rg'g’ J.D., Sherwood, KW, and Johnson, P.P., 1985, Geologic
. . . . report for the Beaufort Sea Planning Area: Regional
rock_ with vast regional extents like none other in the geology, petroleum geology and environmental geology:
Arctic. Consequen.tly the d?monStrated Ellesmerian(!) y.s. Minerals Management Service Outer Continental
petroleum system in operation around the Prudhoe Bay ghelf Report MMS 85-0111, 192 p.
area may only be a small part of its true potential.  Curiale, J.A., 1992, Molecular maturity parameters within a
Despite the good geochemical fit between the single oil family; a case study from the Sverdrup Basin,
Chukchi and Sverdrup oils, the enigma of the Shublik Arctic Canadajn Moldowan, J.M., Albrecht, P., and
Formation as a source rock still remains. On a regional Philp, R.P., eds., Biological markers in sediments and
scale, the Shublik Formation retains its lithological Petroleum; a tribute to Wolfgang K. Seifert: Englewood

character. But despite its persistent carbonate facies, tEhrln Cr')'/ffi'\ EJ’I\/FI}::?J:;/%MH;”’IEA 92;5:;32)}0 and Wall. 1H
organic-rich unit generates two distinctly different oils. 1994, Correlation of the Pennsylvanian-Lower Cretaceous
succession between northwest Alaska and southwest
SUMMARY Sverdrup Basin: Implications for Hanna Trough
Stratigraphyjn Thurston, D.K., and Fujita, Kazuya, eds.,
Oil discovered in the exploration of the Chukchi Sea 1992 Proceedings International Conference on Arctic

has been generated from kerogens from the carbonateMargins: U.S. Minerals Management Service study, MMS
and clastic facies of the Shublik Formation. None of the 94-0040, p. 105-110.

other possible source rocks in the Chukchi Sea havebbard, R.J., Edrich, S.D., and Rattey, R.P., 1987, Geologic
enough kerogens to have generated oil. Although the ev_olution an_d hyd_rocarbon habitat of Fhe ‘Arctic Alaskan
Shublik Formation is the major source of the Prudhoe Microplate’in Tailleur, I.L., and Weimer, Paul, eds.,
Bay oils, the Chukchi oil is dramatically different. It Alaskan North Slope geology: Bakersfield, CA, Pacific

. . Section, Society of Economic Paleontologists and
does not have the high metal contents, high sulfur Mineralogists, Book 50, v. 2, p. 797-830.

contents, or pertinent biomarkers found in carbonatgang Monti, 1973, Beaufort Seéa,McCrossan, R.G., ed.
source rocks of the Prudhoe oils—thus the geochemical The future petroleum provinces of Canada—Their geology

enigma. and potential: Canadian Society of Petroleum Geologists
Regional considerations indicate the important Memoir 1, p. 315-386.

paleontologic, stratigraphic and lithologic correlation&lagoon, L.B., 1988, Identified petroleum systems in the
between the pre-Lower Cretaceous section of the United States—199@ Magoon, L.B. ed., The petroleum
Chukchi area and the Sverdrup Basin of the Canadian éyescgleom&IStSa:L:\feOfBEﬁzteiﬁrfglgngglvrl)ethOdsy 1990, U.s.
Arctic IsI_ands. Both areas have .an uppe_r -l—.rlass'lﬁhgoon, EB and CI)z/aypooI, G.E, 1‘985, Alaska North Slope
phqsphatlc (;arbonate and shale unlt—_organlc-rlch UNItS o /rock correlation study: American Association of
which are oil source rocks. A comparison between the patroleum Geologists Studies in Geology, no. 20, 682 p.
Chukchi oil and Sverdrup Basin oils supports these 1981, Two types of oil on North Slope, implications for
correlations. Whatever ultimate mechanism for creating exploration: American Association of Petroleum
the Arctic basin may be deciphered, the juxtaposition Geologists Bulletin, v. 65, p. 644-652.

of the Chukchi area to the Sverdrup Basin also sugge¥gore, T.E., Wallace, W.K., Bird, K.J., Karl, S.M., Mull, C.G.,
the vastness of the Shublik Formation as the most and Dillon, J.T., 1992, Stratigraphy, structure, and geologic

important and productive regional source rock for oil. Synthesis of northern Alaska: U.S. Geological Survey
Open-File Report 92-330, 189 p., 1 sheet, scale 1:500,000.

Mowatt, T.C., and Banet, A.C., Jr., 1994, Petrography and
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EMSIAN (LATE EARLY DEVONIAN) FOSSILS INDICATE A
SIBERIAN ORIGIN FOR THE FAREWELL TERRANE

by
Robert B. Blodgett!l

INTRODUCTION

Recent years have witnessed the rise of tlermian), now have convinced the author that this
hypothesis that nearly all of Alaska, as well as much ebntinental margin sequence originated from the
the western Cordillera of North America, is compose8iberian continent, rather than northwestern North
of numerous discrete, accreted tectonostratigrapiimerica.
terranes (Coney and others, 1980; Jones and others,

1981, 1982, 1986, 1987; Nokleberg and others, 199®EVON|AN BIOGEOGRAPHY

The only exception to this in Alaska is represented by

the small triangular area of the Nation Arch in east- The study of Devonian marine biogeography has
central Alaska (fig. 1). This area is composed primarilyeen the subject of considerable attention in the literature
of Precambrian and Paleozoic rocks that representoanearly 30 years now. Most of these studies have relied
continuation of similar rocks exposed farther to the eamt three primary groups: brachiopods (Boucot, 1974,
in the Ogilvie Mountains of the Yukon Territory. Thel975; Boucot and others, 1969; Johnson, 1970, 1971,
autochthoneity of these east-central Alaskan Paleozdwhnson and Boucot, 1973; Savage and others, 1979;
rocks is supported by both lithic continuity andVang Yu and others, 1984); rugose corals (Oliver, 1973,
paleontological evidence. Faunal evidence for this 1876, 1977; Oliver and Pedder, 1979, 1984; Pedder and
especially notable in Early Devonian age strata, as th€3léver, 1990); and trilobites (Ormiston, 1972, 1975;
contain faunas typical of North American miogeoclindobayashi and Hamada, 1975; Eldredge and Ormiston,
and cratonic strata in northwestern and Arctic CanadE@79). Other faunal groups have also been studied to a

In this paper, however, attention is focused on newllgsser degree [that is, gastropods (Blodgett, 1992;
acquired faunal data of important biogeographiBlodgett and others, 1988, 1990; Forney and others,
significance from late Early Devonian (Emsian) agg981); and ostracodes (Copeland and Berdan, 1977;
strata of two terranes, the Nixon Fork and MystiBerdan, 1990)], but are in virtually full agreement with
situated in west-central and southwestern Alaska. Thestablished biogeographic patterns shown by the more
terranes, along with Dillinger terrane, were recognizedmmon and better studied faunal groups mentioned
by Decker and others (1994) to be genetically relatathove.
and were reduced in rank to subterranes of a larger The highest level of provincialism in Devonian
terrane, termed the Farewell terrane (fig. 1). Othararine faunas occurred during the later two stages
terranes in interior Alaska such as the Minchumina, E4Bragian and Emsian) of the Early Devonian (Boucot,
Fork, and Livengood are also probably geneticallQ75, 1988; Blodgett and others, 1988). Both before
related to the Farewell terrane, and together represeiand after, the levels of provincialism vary from moderate
locally highly deformed continental margin sequende low, with the Middle Devonian evincing steadily
composed primarily of Neoproterozoic to Paleozoideclining levels of endemism from the Eifelian into the
strata. Previous interpretation of the grossucceeding Givetian. The Late Devonian, including both
lithostratigraphy and faunal affinities of the most wellthe Frasnian and Famennian, is considered to be
studied subterrane, the Nixon Fork, has previously beeimaracterized by a remarkably high level of
suggested to indicate either fragmentation from or lithtdsmopolitanism at the generic level, although
continuity with northwestern Canada (Blodgett, 1988indoubtedly detailed future study will still show distinct
Churkin and others, 1984; Blodgett and Clough, 198Biogeographic provinces on the basis of the distribution
Rohr and Blodgett, 1985; Abbott, 1995). Newly acquiredf both species and some genera.
biogeographic data from Emsian (late Early Devonian) Rich, abundant, diverse megafaunas are known from
strata of the Farewell terrane, along with reconsideratiboth early Middle (Eifelian) and early Late (Frasnian)
of the affinities of faunas and floras of other tim®evonian faunas of the Farewell terrane. The Eifelian
intervals (Middle Cambrian, Late Ordovician, andaunas were thought to show their strongest similarities

1Department of Zoology, Oregon State University, Corvallis, Oregon 97331.
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with those of northwestern Canada (Blodgett, 1988ifferentiate faunas biogeographically between these
1992; Blodgett and others, 1990), although strorageas, it is best to use evidence from the middle and late
affinities are also noted to Siberia and the Urals (Baxteéarly Devonian (Pragian and Emsian), when global
and Blodgett, 1994). Frasnian faunas of the Farewelhdemism was relatively high. Unfortunately, until
terrane show close biogeographic ties to western Nortétently virtually no biogeographically useful collections
America, Novaya Zemlya, Taimyr, and Kolymaeof these ages were available to the author from this
(Blodgett and Gilbert, 1992a; W.K. Braim Blodgett, terrane. At this time, however, biogeographically
1983, p. 128). Differentiation between Siberia andistinctive Emsian collections have been examined from
northwestern Canadian faunas during the Middle atdo localities, which now indicate strong Siberian and
Late Devonian is difficult, because both areas shdoealian—rather than western or Arctic Canadian—
many of the same genera, due to the moderate to laffinities and origin for this terrane.

level of endemism during this time interval. To better

0 600 km

Figure 1Generalized map showing location of major tectonostratigraphic terranes in Alaska and northwestern Canada (modified
from Coney and others, 1980). Dashed pattern, North American autochthonous basement. Barbed arrows indicate direction
of major strike-slip movements. F - Farewell terrane; | - Innoko; R - Ruby; G - Goodnews; P - Peninsular; Cg - Chugach;
Cl - Chulitna; W - Wrangellia; PM - Pingston & McKinley; Sp - Seward Peninsula; En - Endicott; Kv - Kagvik; NS - North
Slope; YT - Yukon-Tanana; TA - Tracy Arm; Ax - Alexander; T - Taku; St - Stikine; Ch - Cache Creek; E - Eastern Assemblage.
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BIOGEOGRAPHICALLY area), or northwestern and Arctic Canada. Another strong
DISTINCTIVE FAREWELL Siberian linkage of the brachiopod fauna is shown by

the presence of the brachiopod gedldanispirifer,
TERRANE EMSIAN FAUNAS described originally from northeastern Siberia, and also

The first locality is from the Nixon Fork subterraneunknown from either northwestern or Arctic Canada.
It consists of a number of collections from thre# fact, the now extensive collection of “Reef Ridge”
measured sections of a distinctive marker unit &fachiopods assembled by the author shows not even
limestone and minor shale of early Emsian age in tR8€ species in common with equally extensive—but
Medfra B-3 Quadrangle (fig. 2, loc. 1). This unit, whiclgven more richly diverse—Emsian brachiopod fauna
is about 150 m thick, is well exposed in a north-trendiriifithered by the author from the Ogilvie Formation of
ridge, long known informally as “Reef Ridge” byeast-central Alaska and adjacent Yukon Territory. The

mineral-company geologists. It is repeated twice d9tter formation forms a western terminus of the
thrust faulting along this ridge, which is located igxtensive carbonate platform that then constituted part
section 23, T. 24 S., R. 23 E. of that quadrangle. TREthe miogeoclinal assemblage of the North American
entire succession is thought to represent shallow, subtigi@tinent during late Early Devonian time.
to open shelf depositional environments (Chalmers and Rugose corals identified by Pedder from the “Reef
others, 1995). Carbonate rocks include packstorfRidge” unit consist mostly of solitary forms and
wackestone, and mudstone; locally, favositid coral hea@igminated by relatively undiagnostRseudoamplexus
are common in the limy intervals, reaching up to 1 m ftaicus Lithophyllumspp., and raréonophyllunfrom
diameter. Some channels of probable tidal origin bearidg-3 to 57.3 m. From 65.2 to 111.9 m corals include
reworked bioclasts and lithoclasts are present. ThiggizophyllumschischkaticumLythophyllumspp.,
prominent, richly fossiliferous shale intervals occupseudoamplexusitaicus new species atelophyllum
interbedded with the dominantly carbonate section; tA¢athophyllumand a new species. Pedder noted that
shale intervals are thicker in the upper part of the sectigihough undescribed, these higher faunas are related
as is characteristic of deepening-upward shelf sequend@sarly Emsian Kolymian loop coral faunas of Siberia.
This unit, bounded above and below by dolostone, forf8§th the brachiopod and rugose coral element of this
a distinctive regionally mappable subunit within th&una is distinctly Siberian in character. Thus, it is now
Whirlwind Creek Formation of Dutro and Patton (1982proposed that during Emsian time the Nixon Fork
and should ultimately be given a separate stratigrapi¢dterrane of the Farewell terrane was biogeographically
name. Megafossils are especially abundant in the m@&'t of the Uralian Region, which included faunas of
shaly intervals, and include brachiopods, rugose aR@th Siberia and the Urals.
tabulate corals, leperditiid ostracodes, echinoderm The second locality is situated in the Mystic
ossicles, bivalves, gastropods, and trilobites. THeUbterrane, and consists of a small (but bio-
brachiopod, rugose coral, and conodont faunal elemef@i@@graphically highly significant) collection made by
of this unit were briefly discussed by Blodgett and otheB§uce L. Reed (his locality 75AR67) in 1975 from
(1995). Conodonts (identified by N.M. Savage) frorEMmsian age limestones. The locality was described as a
throughout the unit indicate an early Emsian agtocally derived slump block” (Reed and Nelson, 1980,
(Polygnathus dehiscens Zone). Brachiopods and rugbdgle 1, locality 17) in the Shellabarger Pass area,
corals (identified by R.B. Blodgett and A.E.H. Peddefalkeetna C-6 Quadrangle. The author has had an
respectively) from this interval also indicate an earPpPortunity to examine this collection and has noted
Emsian age. abundant two-holed crinoid ossicles, atrypid
Brachiopods are represented by over 30 specifsachiopods, and the brachiopdddelinia, Eospirifer,
of which the common element are rhynchonelligghdJanius The gypidulid genusvdeliniais a typical
(notably uncinulids). Genera present includ®!d World Realm taxon, and is common in the Rhenish-
Plicogypa, Stenorhynchia, Taimyrrhynx, “Uncinulus” Bohemian and Uralian Regions but almost wholly
Nordotoechia?, Spinatrypa, Nucleospira, ProtathyrieannOWﬂ in the Cordilleran Region of the Old World
Howellella,andAldanispirifer. Diagnostic species from Realm which, in the Emsian, included the areas of Arctic
this unit includePlicogypacf. kayseri (Peetz), and western Canada and Nevada. Only two species of
Taimyrrhynx taimyrica(Nikiforova), “Uncinulug Ivdelinia have been described from Emsian-Eifelian

polaris Nikiforova, andHowellella yacuticaAlekseeva. Strata of the Cordilleran Region: these argelinia
These species are known from various parts of Sibe@idnnellensisBrice, 1982 andvdelinia (Ivdelinellg)
(Kolyma, Taimyr, and Kuznetsk Basin) and ArcticellesmerensiBrice, 1982, both of which occur in the
Russia (Novaya Zemlya), and are unknown frofganadian Arctic Islands. The Shellabarger Rafslinia
equivalent age strata of east-central Alaska (Nation Artshduite distinct from both of the above species and is
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Figure 2.Generalized geologic map of southwestern and west-central Alaska showing location of the two cited Emsian age
fossil localities and component subterranes (Dillinger, Nixon Fork, and Mystic) of the Farewell terrane. Map modified
from Blodgett and Gilbert (1992). Dillinger subterrane here includes East Fork terrane of Dutro and Patton (1982). Map
symbols: 1, “Reef Ridge” area, Medfra B-3 Quadrangle; 2, Shellabarger Pass, Talkeetna C-6 Quadrangle; NX - Nixon
Fork subterrane; DL - Dillinger subterrane; MY - Mystic subterrane.
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more closely related to species described from the Upaiesent in the Shublik Mountains of the northeastern
Mountains. Likewise, botRospiriferandJanius as well Brooks Range. Gastropods from the Lone Mountain
as the subfamily that includes them, the Eospiriferinaggction are most similar to species from the York
are nearly totally unknown anywhere in Early DevoniaMountains of the Seward Peninsula (Blodgett and others,
or Eifelian strata of the Cordilleran Region of the Old992), the latter area being considered to represent an
World Realm. The only exception is the report of theastward continuation of Chukotka.

genusJaniusor “Janius” as an uncommon element in  Late Silurian (Ludlovian) algal reef complexes are
Emsian faunas of the Royal Creek area, Yukon Territowidely recognized along the seaward outer margin of
(Perry and Lenz, 1978; Savage and others, 1979 the Nixon Fork subterrane (Blodgett and others, 1984;
196). In contradistinction, however, eospiriferinidBlodgett and Clough, 1985; Blodgett and Gilbert, 1992b;
brachiopods are reported as common elementsGlough and Blodgett, 1985, 1989) as well as in single
Emsian strata of Siberia (Kolyma, Kuznetsk Basin) arisblated buildup present in Mystic subterrane (Rigby and
at numerous localities throughout the Uralian seawaythers, 1994). The most abundant and characteristic
As with the Nixon Fork subteane, the Emsian faunal element of these peculiar algal buildups are
brachiopod fauna of the Mystic subterrane also appeaghrosalpingid sphinctozoans (Blodgett and others,
to biogeographically belong to the Uralian, not th#984; Clough and Blodgett, 1985, 1989). These sponges

Cordilleran, Region of the Old World Realm. previously had been recognized only in Upper Silurian
strata of the Ural Mountains of Russia, but the
BIOGEOGRAPHICALLY occurrence of this group has recently been documented
and illustrated by Rigby and others (1994) from
DISTINCTIVE FAREWELL southwestern and west-central Alaska (Nixon Fork and
TERRANE FAUNAS AND Mystic subterranes) and southeastern Alaska (Alexander
FLORAS OF OTHER AGES terrane). Brachiopods co-occurring with aphrosalpingid

sponges in algal buildups of both the Nixon Fork

In addition to the late Early Devonian examplesubterrane and Alexander terrane are also characterized
discussed above, Farewell terrane fossil faunas and fldsgsstrong Uralian affinities (Blodgett and others, 1984).
from other time intervals within the Paleozoic also indicate Mamay and Reed (1984) briefly described and
Siberian affinities and suggest a similar origin for thidlustrated Permian plants from the conglomerate of Mt.
terrane. Two stratigraphically distinct, rich, diverse MiddIBall in the Talkeetna C-5 Quadrangle, central Alaska
Cambrian trilobite faunas were discovered in 1984 Range. They considered this flora to be derived from
Nixon Fork terrane strata of the Sleetmute A-fhe Mystic terrane of Jones and others (1981). Although
Quadrangle. These were initially discussed by Palmer &hd flora shares some elements found in the southwestern
others (1985), who considered both faunas to Ipart of the United States, its most distinctive element is
representative of an outer-shelf environment anle genusZamiopteris which is characteristic of
biogeographically of Siberian aspect, with faunal elememsgaraland (Siberia) and is not known elsewhere in
previously unrecognized in North America. AlternativelyiNorth America. On this basis, it was suggested by them
it was later suggested by Babcock and Blodgett (199Rat the Mystic terrane possibly was exotic and accreted
and Babcock and others (1993) that these southwestermlaska between post-Early Cretaceous and early
Alaskan trilobite faunas of Siberian aspect may havertiary time.
dispersed in cool waters below the thermocline because
they also show strong similarity to autochthonous outerONCLUSIONS
shelf faunas of North Greenland.

In Upper Ordovician (Ashgillian) strata of the Lone Newly acquired biogeographic data on highly
Mountain area (McGrath C-4 Quadrangle, west-centialovincial late Early Devonian (Emsian) faunas from
Alaska), a rich, diverse, silicified fauna of brachiopodthe Farewell terrane—which includes the previously
and gastropods occurs, the most abundant elementiefined Nixon Fork, Dillinger, and Mystic terranes—
which is the pentamerid brachiop&cherskidium{Rohr  suggest that they probably had their origin as a rift block
and Blodgett, 1985; Potter and others, 1988; Potter apidthe Siberian (or Angaraland) paleocontinent;
Blodgett, 1992; Blodgett and others, 1992). This genalernatively, there was a separate tectonic entity in close
has not yet been unequivocally identified in NortBnough proximity to the Siberian continent for
America, but is characteristic of Ashgillian faunas fromeproductive communication to occur throughout most
Siberia (Kolyma, Taimyr, and Chukotka). The Lonef the Paleozoic. Areas of close faunal ties include
Mountain form, occurring within strata previouslyKolyma, New Siberian Islands, Taimyr, Novaya Zemlya,
assigned to the Nixon Fork subterrane, probabtiie Uralian seaway, and the Kuznetsk Basin (fig. 3).
represents a new species of this genus, which is afdthough the marine faunas of Siberia and nonaccreted
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Figure 3.Late Early Devonian (Emsian) global reconstruction showing areas of faunal linkage of Siberia (Kolyma, Taimyr,

Kuznetsk Basin, Novaya Zemlya, and Uralian Seaway) and the Farewell terrane of Alaska (modified from Scotese and
McKerrow, 1990). The dark-screened and light-screened areas indicate the distribution of Cordilleran Region and Uralian
Region faunas, respectively. Although not included by these patterns, the Arctic Alaska terrane (shown in the figure as the
block of northern Alaska and adjoining Chukotka, which has been rotated clockwise against the Canadian Arctic Islands)
and the Alexander terrane of southeastern Alaska share many faunal affinities with the Farewell terrane during the Late
Ordovician-Middle Devonian time interval, and likewise may represent Siberian rift blocks that have been subsequently
accreted to North America.

parts of northwestern North America are somewhathers, 1994). These terranes, as with the Farewell
similar during the more cosmopolitan conditions thagrrane, also are probably of Siberian origin. Thus, the
followed the Emsian in both the Middle and Latenly truly North American part of Alaska during the

Devonian, the levels of provinciality are so high durintate Early Devonian is represented by the Nation Arch
the Emsian that most species—and many genera anela of east-central Alaska, where strata of the Ogilvie
even some families and subfamilies—of brachiopod®rmation contain typical species and genera
are not shared at this time. characteristic of the similar-age North American

The strongly Siberian and Uralian cast to the Emsiamiogeoclinal strata in the Yukon and Northwest

brachiopod and coral faunas of the Farewell terrafierritories. Also, none of the Alaskan terranes bearing a
suggest that this tectonostratigraphic entity was at timgjor component consisting of Lower or Middle
time either part of the Siberian continent or was clofaleozoic strata evince an “austral” or southwestern
enough for close reproductive communication to occacific origin.

The frequent repetition of similar close faunal and floral
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GROWTH-POSITION PETRIFIED TREES OVERLYING
THICK NANUSHUK GROUP COAL, LILI CREEK,
LOOKOUT RIDGE QUADRANGLE, NORTH SLOPE, ALASKA

by
Paul L. Decker,! Gregory C. Wilson,! Arthur B. Watts,! and David Work?2

ABSTRACT

Geologic reconnaissance conducted during 1996 in the National Petroleum Reserve in Alaska (NPRA)
located an outcrop with remarkably well-preserved, growth-position petrified trees in a late Albian to
Cenomanian fluvial sandstone-coal sequence from the Corwin Formation of the Nanushuk Group. The six
upright trunks and trunk impressions found at the Lili Creek locality range from 10 to 70 cm in diameter,
and are up to 4.5 m high. A very well preserved horizontal log at least 1.6 m long is also partially exposed.
The petrified trees are encased in the overlying 6.5 m thick fluvial sandstone. Although no root balls are
exposed, some of the trees appear rooted in the upper part of the underlying coal seam or transitional
carbonaceous mudstone facies. The exposed thickness of the coal seam, including possible interbeds of
carbonaceous shale, is at least 9 m, but the base is covered. No taxonomic classification has yet been made
of the flora at this locality. The specific fluvial environment and processes responsible for the unit are open
to interpretation, but preservation of trees of this height suggests high rates of sand deposition.

INTRODUCTION

While performing reconnaissance fieldwork acrodsas been published for the Lookout Ridge B-4
the west-central fold belt of the Alaska North Slop@uadrangle. Thorough reviews of the sedimentology,
during July 1996, the authors encountered an exposdepositional history, and structural setting of the
of Nanushuk Group sandstone containing six growthtanushuk Group are provided by Ahlbrandt and others
position fossil trees overlying a thick coal seam. Th(§979), Bird and Andrews (1979), Huffman and others
short note summarizes observations gathered frdi985, 1988), Molenaar (1985), and Mull (1979, 1985).
examination of an approximately 0.4 hectare area durihtpral assemblages and age of the Nanushuk Group are
a single brief visit to the outcrop and from subsequegiiscussed by Scott and Smiley (1979), May and Shane
study of photographs taken there. (1985), and Spicer and Herman (1995).

The outcrop is located near the headwaters of Lili The main structural element underlying the Lookout
Creek, a north-flowing tributary of the Meade River, ifRidge and adjacent quadrangles is the Colville Basin, a
sec. 28, T. 1 S, R. 26 W,, in the Lookout Ridge B#preland basin filled by dominantly east-northeast-
Quadrangle (lat 69° 19.310' N., long 158° 11.258' Wdjrected progradation of Cretaceous syntectonic clastic
(fig. 1). Exposures of the Nanushuk Group in this arégdiments derived from the Brooks Range and the now-
are generally poor, but incision of the east-west-trendigbsided Herald Arch (Bird and Andrews, 1979;
escarpment by north-draining tributaries of the Meadéolenaar, 1985; Huffman and others, 1988).
River affords fair outcrops. The upland to the south &uperimposed on the basin are broad folds and thrust
Lili Creek is gently rolling and tundra covered. Soutfaults that developed as the Brooks Range compression
of this upland, modest outcrops of Nanushuk Groupoved into the foreland basin (fig. 2). The fold belt
rocks are again encountered along Lookout Ridge apiesent in the southern part of the Lookout Ridge

the drainages that dissect it. Quadrangle dies out into the coastal plain of the northern
part of the quadrangle.
REGIONAL GEOLOGIC SETTING The lithic sandstones of the Nanushuk Group, the

shale-dominated Torok Formation, and the turbidite-

The Albian-Cenomanian Nanushuk Group igominated Fortress Mountain Formation constitute a
mapped in a wide outcrop belt across the western Nontiajor Brookian clastic wedge of Aptian to Cenomanian
Slope of Alaska (Mayfield and others, 1988), includingge (Mull, 1979, 1985) that prograded into the Colville
the Lili Creek area (fig. 2). No detailed geologic mapasin with the advance of two major deltaic systems

1ARCO Alaska, Inc., P.O. Box 100360, Anchorage, Alaska 99510.
2Anadarko Petroleum Corporation, P.O. Box 100360, Anchorage, Alaska 99510.
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from distinctly different provenance areas. The largelsy Ahlbrandt and others (1979), Huffman and others
of these systems was the Corwin Delta (Ahlbrandt ai985, 1988), Molenaar (1985), and other authors.
others, 1979, Huffman and others, 1985), sourced Coals are plentiful within the Corwin Formation.
farthest to the west. The Corwin Delta prograded to tihapman and Sable (1960) reported analyses of
east-northeast over the predominantly shaly prodetiamerous Corwin Formation coals up to 4 m in exposed
facies of the Torok Formation to deposit the shallothickness from outcrops along Corwin Bluffs, Cape
marine sands of the Kukpowruk Formation, which gradgeaufort, and the Utukok, Kokolik, and Kukpowruk
upward through transitional facies into the nonmarirRRivers. The thickest of these, located on the Kukpowruk
sands and coals of the Corwin Formation (fig. River, has been measured in tunnel workings and by
(Ahlbrandt and others, 1979). Farther east, the smalgrallow drilling to vary from 5.5 to 7.2 m in true
Umiat Delta prograded mainly northward from &tratigraphic thickness (Warfield and Boley, 1966, 1969;
somewhat more quartzose provenance area (BartsClallahan and others, 1969). A high-quality Corwin
Winkler, 1979; Fox, 1979), depositing the GrandstanBprmation coal with an average thickness of about 5.5 m
Chandler, and Ninuluk Formations (fig. 3) (Ahlbrandis the focus of an experimental mining operation
and others, 1979; Huffman and others, 1985, 198&nducted by Arctic Slope Regional Corporation at
Molenaar, 1985). In this location, the Lili CreekDeadfall Syncline, 25 km southeast of Point Lay
succession is considered Corwin Formation on the ba@isimm, oral commun., 1996). Coals up to 9 m thick
of its nonmarine facies assemblage, stratigraphiere penetrated in the upper parts of the U.S. Navy
position high in the Nanushuk Group, and its settingeade and Kaolak test wells (Collins, 1958), located
within the Corwin Delta system, consistent with th86 km north-northeast and 107 km northwest of the Lili
interpretations of Nanushuk paleogeography discussereek locality, respectively. Collins (1958) considered
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those coals to be part of the Killik Tongue of the Chandldre upper several meters, consists of thick- to massive-
Formation, rather than the largely equivalent Corwinedded, very clean, vitrain-rich coal with widely spaced

Formation (fig. 3). However, recognizing thecleats (vertical fractures). Float blocks of massive

paleogeographic relationship of the these wells to thigreous coal more than 1 m on a side litter the base of
Corwin Delta (Ahlbrandt and others, 1979; Huffmathe slope, indicating that noncoal partings are absent
and others, 1985, 1988; Molenaar, 1985), the presém beds at least that thick. The presence of thick beds
authors include their nonmarine Nanushuk Groud clean coal implies a stable backswamp environment,

section in the Corwin Formation. with little clastic input from floodwaters (Flores, 1981).
Vitrinite reflectance measurements of 0.74 percent from

DESCRIPTION OF LILI cleated vitreous coal in the uppermost meter and

CREEK LOCALITY 0.72 percent in the carbonaceous mudstone interval

immediately above the seam indicate that the coal is

From a distance, the most striking characteristic Bely of high volatile bituminous rank (see equivalency
the Lili Creek outcrop is the presence of an uncommorfigales of Hood and others, 1975, and Sentfle and Landis,
thick coal seam which, although its lower parts a&991), although no rank determinations were made with
largely scree covered, forms a very steep to overhangf@fil-analysis standards of the American Society for
slope and appears to be well over 9 m thick in composhtesting and Materials. Clearly, future work will be
thickness (fig. 4). Because no measured section refuired to determine the true thickness, lateral continuity,
thorough observation of the seam was made, it is uncleak, and industrial characteristics of this seam.
if carbonaceous shale or mudstones constitute some ofWWhere observed, the contact between the top of the
this thickness. Certainly, much of the seam, particulatyjocky coal and the overlying clean, fluvial sandstones

Syst-em Outcrop Subsurface
/Series

West Central Central

Schrader Bluff Formation

Prince Creek Formation

Seabee Formation

g Schrader Bluff Fm

Prince Creek (?) Formation
Prince Creek Formation

% Seabee Formation
\" ? AN ?
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Upper
Colville Group
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Chandler Formation

Corwin Formation
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Grandstand
2 Formation Grandstand Formation

Tuktu Formation

Chandler Formation

Cretaceous
Lower
Nanushuk Group
Nanushuk Group

Kukpowruk Fm

Marine facies

Torok Formation

\

Fortress Mountain Fortress Mountain
Formation Formation

Torok Formation

Torok Formation

Figure 3.Stratigraphic nomenclature for the Nanushuk Group and other Brookian Sequence units in NPRA and adjacent
areas, North Slope, Alaska (from Huffman, 1985 after Ahlbrandt and others, 1979).
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is gradational over a recessive-weathering interval abepecimen measures 11 cm in diameter, and is about

30 cm to 1 m thick. This interval consists of generally.6 m long.

upward coarsening and thickening intercalations of soft The tops of the two tallest trees are truncated at about

flaky coal, dark olive-gray to black carbonaceouthe same channelized horizon about 5.5 m above the

mudstone and siltstone, and lenticular-bedded, fine-ttp of the clean, blocky coal (fig. 4). The pre-servation

medium-grained sandstone. The irregular thicknessatstanding trees of this height indicates a fairly high

attributed to scouring of somewhat subtle channededimentation rate for the fluvial sands. As an arbitrary

occupied by the overlying sandstone. This assemblageample, if the largest trees remained standing for a

is interpreted to represent the introduction of crevasdecade after the initial influx of fluvial material before

splay sediments into a poorly drained backswamp. Meing broken off at the sediment surface, the average

marine fossils or traces were observed, which suggestslimentation rate would have been about 0.6 m per

a depositional setting in the upper reaches of the dgltgar. The facies succession probably reflects fluvial

plain, as previously proposed for the Corwin Formaticavulsion (autocyclic shift) into and rapid infilling of a

by Callahan and Sloan (1978). local topographic low occupied by a long-lived,
The resistant-weathering fluvial sandstone sequersgbsiding backswamp. Hence, the inferred sedi-

containing the standing petrified trees and tree moldshentation rates likely do not apply across the Corwin

about 6.5 m thick. Neither samples nor detailelelta plain as a whole.

descriptions were collected in this unit, but it generally

resembles fine- to medium-grained sandstonEECOMMENDATIONS FOR

associated with coal seams described elsewhere in thg TURE WORK

Corwin Formation. The sandstone is sharp based, 5

thlnly to tthk'y bedded, and contains both channel The unusual occurrence of this Albian to

profiles and lateral accretion surfaces. Sandsto@@nomanian population of large, growth-position
bedding is distinctly troughlike adjacent to several @fetrified trees and the associated thick coal seam merits
the growth-position trees (fig. 4), suggestive of scoufigrther investigation. The provisional observations and
and-fill due to turbulence in the current flowing arounghterpretations of this report should be followed up by
the standing trunks. more thorough work, including a detailed measured
Of the six growth-position trees, three of the largesgction, paleobotany, coal analyses, and reconnaissance
trunks occur within 12 m of each other. The trunks agthe surrounding area. Though good exposures are very
preserved as either impressions on the sandstone faggyrse in the upland terrain to the south of Lili Creek,
three-dimensional forms weathering out of the exposut®erwin Formation strata equivalent to the nearly flat-
or as combinations of these types (fig. 4). The largeging exposures at Lili Creek may crop out in the deep
upright tree is preserved partly as a deeply concaygvines of the upper Kaksu River about 10 km to the
semicylindrical impression and partly as a threggest. In addition, the authors have observed a meter-
dimensional segment of the petrified trunk, whicBcale petrified bulbous stump, probably the flared base
together measure 4.5 m in height by 70 cm in diametsir a tree trunk, in a sandstone-coal succession on the
(fig. 5). A dark rind of what appears to be petrified barpper Meade River about 26 km north of the Lili Creek
is locally preserved on this specimen and could possillytcrop. Detailed fieldwork may provide valuable
aid in making a taxonomic classification. Other larg@formation on the nature and extent of this “petrified
petrified tree trunks fountlave diameters of 55 cmforest,” and may help define the distribution, thickness,

and 32 cm (figs. 6, 7). The smallest upright trunfnd resource potential of the thick coal facies with which
measured is 11 cm in diameter and 1.5 m tall. Becayggse trees are associated.

the recessive-weathering transitional facies between the

sandstone and the coal is partially covered, no root ba\g KNOWLEDGMENTS

are exposed. Hence, it is not clear if the trees root in the

transitional facies, or in the coal itself. We thank ARCO Alaska, Inc. and Anadarko
On the west end of the outcrop is a partially exposeetroleum Corporation for permission to publish this

log in a horizontal position, remarkable for itginding. We also thank C.G. Mull for suggesting that

preservation (fig. 8). It exhibits a thin, carbonaceoyge publish the finding, J. Clough for editorial guidance,

bark veneer and minute details of the external wo@ Tye for technical discussions, and G. Stricker and
grain and knot structure. As in the standing trees, tRe Gangloff for their helpful reviews.

wood grain appears relatively straight and smooth. This
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Figure 4.The main outcrop of Corwin Formation
sandstone-coal at the Lili Creek locality.
Geologist at left center is approximately 2 m tall.
The observed composite thickness of the coal
seam is approximately 9 m. Three growth-
position petrified tree fossils occur in the portion
of the overlying fluvial sandstone shown in this
view, the largest one at left and two more at right
center, which may appear from this perspective
as a single trunk because one is exposed directly
behind the other. View to north.

Figure 6.The second-largest-diameter petrified tree
trunk at the Lili Creek locality. This specimen
is located at the top of the slope about 150 m
northwest of the face shown in figure 4. Ham-
mer is 33 cm long. View roughly southeast.
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Figure 7.This trunk at the Lili Creek locality is broken
into two sections. The lower part of this specimen,
visible at right center in figure 4, is leaning slightly
and appears to have broken off and fallen nearly
straight down from the upper part, which is
embedded in the overhanging face of the sandstone
outcrop. Hammer is 33 cm long. View to east-
northeast.

Figure 8.Closeup of petrified log exposed at ground level on bench near top of outcrop about
50 m northwest of the face shown in figure 4. Note details of wood grain, knot structure, and
remnants of carbonized bark. Field of view is about 50 cm, looking roughly east.
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PALEOTOPOGRAPHIC CONTROL ON DEPOSITION OF THE
LOWER KAYAK SHALE, NORTHERN FRANKLIN MOUNTAINS,
BROOKS RANGE, ALASKA

by
David L. LePain!

INTRODUCTION

In the northeastern Brooks Range of Alaska, Low&ekiktuk Conglomerate is relatively thick. The purpose
Carboniferous through Lower Cretaceous strataf this paper is to briefly describe the stratigraphic
assigned to the Ellesmerian sequence, are separated fooganization and depositional setting of the basal Kayak
an underlying deformed succession of pre-MiddIighale, which is informally referred to herein as the lower
Devonian sedimentary and igneous rocks by a regiot@yak, and relate its geographic and stratigraphic
surface of unconformity (fig. 1). The Ellesmeriardistribution to paleotopographic relief on the sub-
sequence is interpreted to record sedimentation on Wississippian unconformity and relative sea level rise
passive continental margin of the Arctic Alaska Platduring the late Tournaisian and Visean.

Situated at the base of the Ellesmerian sequence is a

transgressive succession of Early Carboniferous age it QL OGIC SETTING

is assigned to the Endicott Group and consists, in
ascending order, of the Kekiktuk Conglomerate and the In northern Alaska, a regional sub-Carboniferous
Kayak Shale (fig. 2). In the northeastern Brooks Ranggrface of angular unconformity has been recognized
the Endicott Group has been interpreted as an edfyoughout the North Slope subsurface and at widely
postrift succession that records sedimentation in apaced locations across the Brooks Range. This surface
upland region landward of the tectonic hinge zone truncates rocks as young as Early Devonian (Blodgett
response to regional thermal subsidence (LePain el others, 1991). Rocks below the unconformity are
others, 1994). characterized by a complex tectonic history that includes

In latest Tournaisian time, relative sea level risepisodes of contraction and extension; above the
shifted stream equilibrium profiles landward and upwatgnconformity, the rocks have been assigned to the
and initiated deposition of the fluvial and marginalEllesmerian sequence and are largely the product of
marine Kekiktuk Conglomerate. LePain and othegxtensional tectonics (Moore and others, 1992). The
(1994) related the stratigraphic organization of thiellesmerian sequence consists of northward-onlapping
Kekiktuk to paleotopographic relief on the unconformitjerrigenous clastic and carbonate strata, which are
surface at its base. As relative sea level continued risitijerpreted as a Lower Carboniferous through Lower
fluvial dispersal systems were gradually drowned arfgretaceous south-facing (present-day coordinates)
replaced upsection by marginal- and shallow-marim@ssive continental margin succession (fig. 1).
depositional systems recorded by the lower and middle The Endicott Group comprises the base of the
members of the Kayak Shale. Ellesmerian sequence and, in the northeastern Brooks

The Kayak Shale consists mainly of black shale wifRange consists of fluvial, marginal-marine, and shallow-
subordinate amounts of sandstone and carbonate rochkgrine terrigenous clastic and carbonate rocks that are
Relatively thick successions of sandstones and ciatest Tournaisian to Visean and are exposed along east-
bonates are stratigraphically restricted to the lower amgst-trending outcrop belts (figs. 2, 3) (Armstrong and
upper thirds of the Kayak Shale, respectively. Carbonatdamet, 1977; Utting, 1990, 1991a, 1991b).
are present in the upper beds of the Kayak Shale In the northeastern Brooks Range, the Kekiktuk
throughout its geographic distribution in outcrop in theonglomerate is thickest (up to 128 m) above incised
Brooks Range and in the North Slope subsurfadgealeovalleys and progressively thins toward and
However, appreciable thicknesses of sandstone (thatigentually pinches out against adjacent paleo-
thicker than 2 m), while stratigraphically restricted téopographic highs (LePain and others, 1994). LePain
the lower beds of the Kayak Shale, are also geand others (1994) recognized six lithofacies associations
graphically restricted to locations where the underlyirig the Kekiktuk and related their stratigraphic and

1Alaska Division of Geological & Geophysical Surveys, 794 University Avenue, Suite 200, Fairbanks, Alaska 99709-3645.
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geographic distribution to paleotopographic relief on Slow postrift subsidence of continental crust
the sub-Carboniferous unconformity (table 1; fig. 4Jandward of the hinge zone (for example, Braun and
These relationships indicate that where the KekiktiBeaumont, 1989), combined with a possible eustatic sea
Conglomerate is thickest, fluvial systems were confindelel rise throughout Early Carboniferous time (Hallam,
within incised paleovalleys cut into pre-Middlel984), resulted in regional transgression, flooding of
Devonian rocks and, where only a thin veneer @ifivial dispersal systems, and establishment of a broad
Kekiktuk is present, it is the record of deposition alonguite of marginal- and shallow-marine depositional
the flanks of paleotopographic highs on the sulenvironments recorded in the Kayak Shale. As
Carboniferous unconformity (LePain and others, 1994jansgression continued, estuarine conditions developed
Paleocurrent indicators within the Kekiktuk generallgbove valley-filling fluvial successions of the Kekiktuk
show southerly transport directions (LePainConglomerate and locally resulted in deposition of
unpublished field notes; Nilsen and others, 1980). quartzose sandstone bodies encased in black mudstone
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of the Kayak Shale. Local paleotopographic highs wesandy limestone of the Lisburne Group resting
onlapped and buried beneath a veneer of marginabnconformably above granite where the Kekiktuk is
marine mud of the Kayak Shale. absent, and the absence of the Kayak Shale indicate

The Kayak Shale onlaps and pinches out abovehat the batholith was also a paleotopographic high
regional paleotopographic high in the Sadlerochttiroughout much of the Visean. Armstrong (1974) and
Mountains (fig. 3). The Sadlerochit high was transArmstrong and Bird (1974) extended the Sadlerochit
gressed and buried beneath shallow-water carbonhtgh eastward, north of Leffingwell Ridge, to the
rocks of the Lisburne Group by late Visean time (zon@anadian border on the basis of foraminifera
16i, earliest Chesterian; Armstrong, 1974). Around theostratigraphy of the Lisburne Group. Along
exposed perimeter of the Okpilak batholith (fig. 3).effingwell Ridge the Kekiktuk Conglomerate is
thin discontinuous successions of the Kekiktufresentin thin, discontinuous exposures and the Kayak
Conglom-erate resting nonconformably above granit8hale is laterally continuous, forming successions up
to 285 m thick.

Paleogeographic reconstructions for Carboniferous
strata in the northeastern Brooks Range show fluvial
and marginal-marine sand of the Kekiktuk Conglomerate
I deposited to the north and carbonate sediments of the
LISBURNE [ 11 Lisburne Group deposited to the south (Armstrong,

GROUP [+ l I 1974; Armstrong and Bird, 1974). Between these areas,
| organic-rich terrigenous mud and argillaceous carbonate
————— sediment of the Kayak Shale accumulated under
restricted-marine conditions. Coeval carbonate rocks of
the Lisburne Group deposited to the south probably
Upper formed an effective barrier to marine circulation during
Kayak deposition. This paleogeographic configuration,
combined with a steady influx of terrestrial organic
material from the north, led to dysaerobic-to-anaerobic
conditions and deposition of dark gray to black mudrock
of the Kayak Shale.

(U. CARB.

VISEAN

GROUP

Middle STRATIGRAPHIC ORGANIZATION
OF THE KAYAK SHALE

| have divided the Kayak Shale in the northeastern
Brooks Range into three informal members based on
lithology and their relationship to the sub-Carboniferous
unconformity, the Kekiktuk Conglomerate, and the
overlying Lisburne Group (fig. 2). The lower member
is geographically restricted to positions above thick,
valley-filling fluvial to marginal-marine successions of
= the Kekiktuk Conglomerate. Consequently, it has been
= recognized only at a few locations in the northeastern
SANY Brooks Range. The contact between the lower member
and the underlying Kekiktuk Conglomerate is typically
el poorly exposed, but appears to be gradational. The lower
v member consists predominantly of organic-rich
Y mudstone, minor but prominent quartzose sandstone and
quartzose bioclastic limestone, and rare anthracitic coal.

KAYAK SHALE
0 - ~330 (?) Meters

Lower

ENDICOTT

LOWER CARBONIFEROUS
KEKIKTUK _CONG.

0- 128 Meters

TOURNAISIAN-VISEAN

PRE-MIDDLE
DEVONIAN

+ ¥ o+ ¥

Figure 2.Generalized column of the Carboniferous Endicott
Group in the northeastern Brooks Range.
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Figure 3.Map showing distribution of Endicott outcrop belts in the northeastern Brooks Range, Alaska (modified from Bird,
1987). Circles show location of measured sections. Location 1 is Straight Creek; location 2 is Curve Creek; and location
3 is Plunge Creek.

The middle member is present throughout thel THOFACIES ASSOCIATIONS

northeastern Brooks Range where a variety of contagf THE LOWER KAYAK SHALE
relationships have been observed with underlying rocks:.

The contact between the lower and middle members is Seven lithofacies have been recognized in the lower
sharp. Where the lower member is absent, both shi@yak Shale on the basis of lithology and sedimentary
and gradational contacts have been observed betwagd biogenic structures. Brief descriptions and process
the middle member and the underlying Kekiktukiterpretations for each lithofacies are presented below
Conglomerate. Where the Kekiktuk Conglomerate g1d summarized in table 2. These lithofacies are
absent above paleotopographic highs, the middmerpreted herein as the depositional record of a barred
member rests unconformably on pre-Middle Devoniggstuarine system. However, many of the physical
rocks. The middle member consists predominantly aftributes of the lithofacies presented herein are not
black to dark-gray shale. Minor coal and sharp-basedique to any specific environmental setting—estuarine
sandstone beds and bedsets (<2 m thick) are locallyotherwise. The association of the lithofacies and their
present near the base of the middle member whergeiationships to the underlying Kekiktuk Conglomerate
rests above pre-Middle Devonian rocks situated @mnd the pre-Mississippian unconformity suggests an
paleotopographic highs. estuarine depositional setting for the lower Kayak Shale.
The contact between the middle and upper Kayak

Shale is gradational. The upper member consists of d&#RGANIC-RICH MUDSTONE

gray to black, organic-rich shale and a variety of The organic-rich mudstone lithofacies is up to 65 m
carbonate lithologies and is commonly characterized thick, encases most of the other lithofacies in the lower
the arrangement of these lithologies in meter-scat@yak, and has been recognized at both Straight and
thickening-upward parasequences. The upper memi@erve Creeks (figs. 4, 5). The contact between this
records the transition from terrigenous clastic-dominatéthofacies and the underlying Kekiktuk Conglomerate
environments of the Endicott Group to carbonatés generally poorly exposed, but is likely gradational.
dominated environments of the overlying Lisburn&his lithofacies consists of dark-gray to black, organic-
Group. rich siltstone, silty shale, and shale and weathers into
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Unit

A

Texture

Unsorted to poorly sorted, clast- and rare matrix-

supported cobble and pebble conglomerate;
minor poorly sorted, pebbly sandstone.

Poorly to moderately sorted, clast-supported
pebble conglomerate and medium- to
coarse-grained, pebbly sandstone.

Moderately sorted, fine- to coarse-grained
sandstone and clast-supported pebble
conglomerate, minor organic-rich mudstone.

Moderately sorted, fine- to coarse-grained
sandstone, common organic-rich mud-stone,
minor pebble-conglomerate with minor
mudstone intraclasts, minor coal.

Moderately to well-sorted, fine- to
coarse-grained sandstone, minor
to common pebble conglomerate,
minor coal.

Moderately to well-sorted, fine- to
medium-grained sandstone, organic-rich
mudstone, minor coal.

Structure

Thick- to very thick-bedded, unstratified to
crude horizontal stratification, disorganized
clast fabric; fining- and coarsening-
upward trends.

Thin- to thick-bedded, unstratified to horizontally
stratified conglomerate and sandstone; rare
trough and planar cross bedding; fining-upward
couplets 0.4-1.5 m thick.

Multistory and multilateral fining-upward
channel-fills from 1.0-3.4 m thick; thin- to
thick-bedded; basal conglomerate, abruptly
overlain by pebbly sandstone, abundant
trough cross bedding and common planar
cross bedding throughout channel-fills.

Single story and multistory channel-fills from
1.0-4.0 m thick; similar to unit C, only with
mudstone intraclasts in basal conglomerate and
planar cross bedding limited to top of channel
fills; mudstone successions up to 9.0 m thick

cap most channel-fills, organic-rich, coal-bearing,
with thin interbeds of sandstone.

Thin- to thick-bedded multilateral and multistory
channel-fills < 1.0 m thick; basal pebble
conglomerate, abruptly overlain by sandstone and
pebbly sandstone with common trough and
planar cross bedding, low-angle lamina and pebble
conglomerate stringers 1-2 clasts thick common
near top of channel fills.

Thin- to medium-bedded, unstratified to horizontally
bedded and internally laminated, sandstone grades
upward into interbedded, burrow-mottled sandstone,
mudstone, and coal.

Geometry

Lenticular.

Sheetlike is most common,

less commonly lenticular.

Broadly lenticular
to sheetlike.

Sheetlike?

Broadly lenticular
and sheetlike.

Sheetlike.

Unit relations

Unconformably overlies and onlaps
pre-Middle Devonian rocks; sharp
and gradational contact with unit
B, C, or Kayak Shale.

Sharp or gradational contact with unit A,
or unconformably above pre-Middle
Devonian rocks; onlaps pre-Middle
Devonian rocks; gradationally overlain
by unit C.

Gradational lower contact with unit B, sharp
lower contact with unit A, or unconformably
above pre-Middle Devonian rocks; onlaps
pre-Middle Devonian rocks; gradational
contact with overlying unit E. Where unit E
is absent, sharp contact with Kayak Shale.

Unconformably above pre-Middle Devonian
rock; gradational with overlying unit E.
Where unit E is absent, sharp contact with
Kayak Shale.

Gradational lower contact with either unit
C or D; contact relations with overlying
Kayak Shale are uncertain—the contact
appears to be abrupt based on three
locations in the northern Franklin
Mountains.

Unconformably above pre-Middle Devonian

rocks; gradationally overlain by Kayak Shale.

Interpretation

Flood-generated, high sediment concentration
flows, rare debris flows; local sediment sources,
confined to incised valleys.

Braid-bar complexes and shallow channel
fills in low-sinuosity, bedload-dominated
fluvial system, confined to incised valleys.

Mixed-load, low- to moderate-sinuosity
fluvial system, incised valley fill.

Mixed-load, moderate- to high-sinuosity
fluvial system with adjacent perennial flood
basins, incised valley fill.

Mixed-load, low- to moderate-sinuosity and
moderate- to high-sinuosity distributary channel
fills, distributary-mouth bars or adjacent beach-
ridge deposits in marginal-marine setting, incised
valley fill.

Fluvial sheet flood and tidal flat-coastal swamp
deposits above paleotopographic highs on sub-
Mississippian unconformity.
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Table 2. Summary of lithofacies characteristics recognized in the lower Kayak Shale
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Lithofacies

Organic-rich
mudstone
(Orm)

Planar cross-
bedded sandstone
(Pcs)

Argillaceous
sandstone
(Ars)

Bioclastic
limestone
(Bcel)

Irregularly
bedded
sandstone

(Ibs)

Plane-bedded
sandstone

(Pbs)

Trough cross-
bedded sandstone
(Tes)

Composition and texture
Black, organic-rich siltstone, silty shale,
and shale, minor fine-grained quartzose

sandstone, + - plant fragments and coal.

Quartzarenite and chert-quartz sub-litharenite
(lower unit), lithic wacke (upper unit).

Quartzarenite, chert-quartz sub-litharenite,
and chert-quartz granule conglomerate.

Quartzose bryozoan-pelmatozoan
packstone and grainstone.

Quartzarenite.

Quartzarenite.

Quartzarenite.

Sedimentary and biogenic structures

Fissile mudstone, + - lenticular laminated sandstone.

Wavy, parallel beds up to 15 cm thick; planar cross
beds in sets 6-15 cm thick, reactivation surfaces;
trough cross beds in sets up to 10 cm thick;
mudstone partings between most foreset beds;
upper unit is burrow mottled.

Lower contact with organic-rich mudstone is erosive,
upper is sharp to gradational; at least two
fining-upward cycles; trough cross beds 10-30 cm
thick; ripple cross-laminae; mudstone intraclasts
throughout; scale of sedimentary structures
decreased upward.

Sharp lower contact with organic-rich mudstone;
normally graded; preferred orientation of
skeletal grains; skeletal grains highly abraded;
variably bioturbated.

Discontinuous, wavy beds up to 6 cm thick; trough
cross beds up to 5 cm thick; horizontal traces

on bedding planes—resemble Thalassanoides

and Ophiomorpha.

Even parallel beds up to 3.0 cm thick; low-angle
inclined lamination; low-relief scours; parting
lineation on some bedding surfaces.

Large-scale trough cross-beds in sets up to 1.0 m
thick; plane-parallel beds at top of succession
up to 20 cm thick.

Geometry and position

Geometry unknown; valley-fill, lower
contact with Kekiktuk not exposed,
but appears gradational.

Geometry unknown; encased in organic-rich
mudstone, near base of lower Kayak.

Lenticular geometry; encased within organic-
rich mudstone, near base of lower Kayak.

Lenticular; encased within organic-rich
mudstone, near middle and top
of lower Kayak.

Sharp lower contact with organic-rich mudstone,
sharp upper contact with plane-bedded sandstone
at top of lower Kayak, truncated laterally by trough
cross-bedded sandstone; geometry unknown,
broadly lenticular (?).

Sharp lower contact with irregularly bedded
sandstone, sharp upper contact with middle
Kayak, truncated laterally by trough
cross-bedded sandstone.

Sharp lower contact with organic-rich mudstone,
sharp upper contact with middle Kayak; lenticular.

Interpretation

Estuary with fringing swamps or
marshes on landward side.

Tidal sandflat and tidal creek.

Channelized fluvial-flood succession.

Distal storm-washover deposits.

Back-barrier proximal washover deposits.

Lower foreshore to upper shoreface
deposits.

Tidal inlet-fill deposits.
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elongated, pencil-like fragments (table 2). Siltstone ignidirectional planar-tangential cross-bedded sets from
most common in the lower beds. Lenticular lamina@ to 15 cm thick, and minor trough cross-bedded sets
<0.5 cm thick of fine-grained quartzarenite are scatterad to 10 cm thick. Planar cross-beds overlie an erosion
throughout this lithofacies and minor anthracitic coal surface with up to 5 cm of relief and are unidirectional.
present near the base. Moderately well-preserved pl&#activation surfaces have been recognized that truncate
fragments (branches and leaves) up to 15 cm long aome foresets. Mudstone drapes are commonly observed
restricted to the lower half of this lithofacies, whereasetween foreset laminae, and small mudstone intraclasts
comminuted organic debris is common in mudstonesarfe common throughout.
the upper half. Palynologic samples collected from this The upper unit is 0.5 m thick, rests in sharp contact
lithofacies contain abundant woody and coaly fragmemith the lower unit, and is sharply overlain by the organic-
and scolecodonts (Utting, 1990). rich mudstone lithofacies. This unit consists of highly
Relatively abundant siltstone near the base of thi$oturbated, poorly sorted, fine- to medium-grained
lithofacies likely records proximity to low-energy fluvialargillaceous sandstone. Mudstone is present throughout;
channels. Minor coal lenses and abundant plalmds are wavy, discontinuous, and up to 4 cm thick.
fragments in the lower half of this lithofacies suggest Planar and trough cross-bedded sandstone in the
that swamps existed on the landward side of the estulmyer unit records the migration of straight-crested
and that deposition in these areas proceeded at, or \@agdwaves and sinuous-crested dunes, respectively,
close to, sea level under anaerobic conditions (Gallowayder lower flow-regime conditions. Mudstone drapes
and Hobday, 1983). The progressively lower siltstorletween some foreset laminae indicate deposition during
content and lack of coal upsection indicates a steadilack-water periods in the middle of tidal cycles, when
decreasing supply of coarser grained detritus to therrents were weak or nonexistent. These are analogous
marginal-marine environment and deposition in shallote mud drapes observed in sand successions from
subtidal conditions. Thin lenticular laminae of finemodern tidal-flat environments by Raaf and Boersma
grained sandstone scattered throughout the lithofac{@971). Associated reactivation surfaces are consistent
suggests fluctuating energy levels associated with tidedth deposition in a tidal-flat environment, where they
Lenticular bedding is not unique to any one depositiorate commonly associated with sandy successions
setting, although it is a common feature in many tidaljeposited from reversing tidal currents with asymmetric
influenced marginal-marine settings (Reineck anime-velocity profiles (Raaf and Boersma, 1971; Reineck
Wunderlich, 1968). The dark-gray and black coloraticend Singh, 1980). The presence of mudstone drapes
of siltstone and shale suggests an organic carbon conserggests deposition under fluctuating energy conditions
>1.0 percent (Hosterman and Whitlow, 1983; Potter aimda tidally influenced setting. The highly bioturbated,
others, 1980) and that the estuary was characterizedabgillaceous character of the upper unit is consistent with
an oxygen-depleted bottom layer (Heckel, 1972bis interpretation and resembles highly bioturbated tidal
Scolecodonts, the jaw apparati of marine annelids, ateposits described by Raaf and Boersma (1971). Vertical
the only indigenous faunal remains recognized in thésiccessions resembling the planar cross-bedded
lithofacies, which suggests that bottom conditions welithofacies have been described from siliciclastic tidal
at least dysaerobic locally and capable of supportifigts by Raaf and Boersma (1971), Reineck (1972), and
some life (O’'Brien and Slatt, 1990). The organic-rickeimer and others (1982). The vertical succession
mudstone lithofacies records deposition from suspensisuggests progressive flooding and gradual drowning of
and relatively weak traction currents in a low-energy sandy tidal flat. However, poor exposure precluded
estuarine setting. tracing this lithofacies laterally, so it is unknown if it
was deposited on a sandy tidal flat or in a tidal channel.

PLANAR CROSS-BEDDED
SANDSTONE ARGILLACEOUS SANDSTONE

The planar cross-bedded sandstone lithofacies is The argillaceous sandstone lithofacies is about 3.5 m
about 1.5 m thick, has only been recognized at otfeck, weathers to a dark red-brown color, and has only
locality, and is poorly exposed near the base of the lowsgen recognized at one locality, where it is situated near
Kayak Shale (figs. 4, 5). This lithofacies consists dhe base of the lower Kayak Shale (figs. 4, 5). This
medium- to coarse-grained sandstone and argillaceditteofacies has a broad, lenticular geometry and consists
sandstone and can be divided into two units based @hargillaceous, quartzose granule conglomerate and
mudstone content (table 2). The lower unit is about 1.0fine- to coarse-grained sandstone in beds from 4 to 50 cm
thick and consists of moderately sorted, medium- thick (table 2). In vertical succession, this lithofacies is
coarse-grained sandstone with both planar tabular srmposed of at least two upward-thinning and -fining
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Figure 4 Measured sections through the lower Kayak Shale in the northern Franklin Mountains. The locations of each measured
section is shown in figure 3: location 1 is Straight Creek; location 2 is Curve Creek; and location 3 is Plunge Creek. The
lower Kayak Shale is not present at Plunge Creek, which is located along approximate depositional strike from locations
1 and 2 (see fig. 3). The Plunge Creek succession is interpreted to represent deposition on a paleotopographic high, or
along the flanks of a paleotopographic high.
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Figure 5.Schematic cross section across valley-fill deposits in the northern Franklin Mountains summarizing lateral and
vertical lithofacies relations in the lower Kayak Shale. Ars = argillaceous sandstone lithofacies; Bcl = bioclastic limestone
lithofacies; Ibs = irregularly bedded sandstone lithofacies; Orm = organic-rich mudstone lithofacies; Pbs = Plane-bedded
sandstone lithofacies; Pcs = planar cross-bedded sandstone lithofacies; Tcs = trough cross-bedded sandstone lithofacies.

cycles from 1.0 to 2.5 m thick. The lower cycle consistegillaceous sandstone lithofacies and underlying
of a basal, trough cross-bedded quartz-granule cawarse-grained valley-filling fluvial successions in the
glomerate that rests above a sharp, erosive contact Wgkiktuk Conglomerate suggests that the former records
the underlying organic-rich mudstone lithofacies (fig. 4gpisodic transport of coarse-grained detritus into a
Conglomerate is gradationally overlain by trough crossiarginal-marine setting during fluvial flood events. The
bedded and ripple cross-laminated, fine- to coarseertical succession in the argillaceous sandstone
grained sandstone. Elongated black, organic-ri¢ithofacies appears similar to proximal bayhead-delta
mudstone intraclasts are common throughout the cycleannel-fill sequences described from estuarine settings
and are oriented parallel to bedding. The higher cyddy Dalrymple and others (1992); however, thin
erosively overlies and is similar in all respects to ttearsening-upward successions typically associated with
lower cycle, with the exception that a basal conglomerdiayheaddelta successions have not been recognized
is lacking and the cycle is sharply overlain by dark-grag the lower Kayak.
to black mudstone. Within both cycles, the scale of
sedimentation units gradually decreases upsection WHREOCLASTIC LIMESTONE
the degree of bioturbation increases. Poorly preserved The bioclastic limestone lithofacies consists of red-
plant fragments are present on some bedding surfadg®wn weathering limestone lenses up to 1.2 m thick
Within each cycle, coarse-grained detritus initiallyhat extend 5 to >50 m laterally along local strike within
migrated as small- to medium-scale sinuous-crestg upper beds of the lower Kayak Shale (figs. 4, 5;
dunes under lower flow-regime conditions. As flowable 2). Limestone lenses have sharp, erosive lower and
strength gradually decreased, progressively finesharp upper contacts with organic-rich mudstone. Stratal
grained sediment was deposited in smaller-scaleicknesses in this lithofacies gradually increase
bedforms until, at the end of each cycle, fine-graineghsection from lamina to thin-beds (up to 6 cm) of
sandstone was deposited from migrating asymmetrigioclastic limestone and, where well exposed, defines a
sinuous-crested ripples. Each cycle was characteriziigtinctive thickening upward trend when viewed from
by an initial high-energy phase when turbulent currerésdistance. Laminasets are up to 6 cm thick and
reworked the underlying substrate. Currents traversedeparated by thin shale partings. Near the top of the
cohesive, muddy substrate, as indicated by tli@ckening upward trend lenses are composed of bedsets
ubiquitous presence of mudstone intraclasts. After thdth individual beds up to 6 cm thick that lack shale
initial scour phase, the record is one of gradually wanipgrtings and have erosive bounding surfaces. Many of
flow strength. The close association between thiee thicker beds are normally graded. Limestones consist
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primarily of bryozoan and pelmatozoan packstone and In outcrop this lithofacies is characterized by
grainstone with subordinate brachiopods, pelecypodisegularly shaped parting surfaces, which create a
rugose corals, ostracods, trilobites, calcisphergsmbled appearance. No distinct textural variations have
mudstone intraclasts, and angular-to-subround sand- &eeén recognized in this lithofacies, so it unclear if these
granule-sized detrital quartz (table 2). Mudstonieregular surfaces correspond to bedding that has been
intraclasts and elongated skeletal grains have a strongdjlsrupted by burrowing and grazing organisms.
preferred orientation parallel to bedding, and the latter The presence of plane-parallel and trough cross
are broken and abraded. The upper surfaces of sdmeding suggests deposition under fluctuating energy
lenses and stratal units comprising lenses are slightlynditions. Plane-parallel bedding probably originated
bioturbated to completely burrow mottled. under upper flow-regime plane-bed conditions, whereas
Normal size grading, broken and abraded skeletabugh cross bedding developed under lower flow-regime
grains, mudstone intraclasts, and the strong preferi@hditions from small- to medium-scale dune bedforms.
orientation of elongated grains parallel to beddinghe gradational lower contact with mudstone indicates
suggest transportation by strong currents, probably ungeogressive landward migration of the lithofacies with
upper flow-regime plane-bed conditions, and are featurepeated depositional episodes. Trace fossils likely be-
commonly recognized in storm-generated shell beltsg to the Skolithos ichnofacies, which is usually
(Aigner, 1985; Kreisa and Bambach, 1982). The dar&ssociated with shifting substrates in high-energy settings
gray to black, organic-rich mudstone lithofacies suggegtrey and Pemberton, 1984). The irregularly bedded
that the estuarine environment was not a suitable habgandstone lithofacies records episodic events that involved
for the open-marine fauna contained in these depositsnsport of medium- to coarse-grained sand and
(Flugal, 1982; Heckel, 1972; Wilson and Jordan, 1983)eposition as proximal washover deposits on the landward
Thus, skeletal grains were transported landward fraside of barrier islands. Similar sequences have been
nearby open-marine settings and deposited in an estuadascribed from Holocene back-barrier settings by Kraft
environment that was characterized by poor circulati¢h971), Kraft and John (1979), and Wilkinson (1975).
and anaerobic-to-dysaerobic bottom conditions. Detrital
quartz grains were entrained by these flows as they ANE-BEDDED SANDSTONE
overtopped barrier islands located on the seaward side ofThe plane-bedded sandstone lithofacies is situated
estuaries. The quartzose bioclastic limestone lithofacigsthe top of the lower Kayak Shale, where it is sharply
records episodic sedimentation from storm-generatggeriain by the middle Kayak Shale (figs. 4, 5). The
surges as distal washover deposits (Elliot, 1986; Reinspfer contact with the irregularly bedded sandstone
1984). Similar storm-generated washover deposits Wilthofacies is sharp and probably erosive, although no
open-marine, allochthonous faunas have been descrigg@ncutting was observed. This lithofacies is up to 1.0 m
from Lower Silurian transgressive barrier-island sugnjck and consists of medium- to coarse-grained sandstone
cessions in southwest Wales by Bridges (1976). Sto[faple 2). Beds are thin (up to 3.0 cm thick), laterally
washovers are most common on microtidal to lowontinuous, and commonly contain internal low-angle

mesotidal coasts (Hayes, 1979). inclined lamination. Locally, beds are truncated by low-
relief scour-and-fill structures. Parting lineations are
IRREGULARLY BEDDED SANDSTONE visible on some bed surfaces.

The irregularly bedded sandstone lithofacies is up Plane-parallel stratification in medium- to coarse-
to 2 m thick and is situated near the top of the lowgrained sand suggests upper flow-regime conditions
Kayak, where it gradationally overlies organic-ricfCollinson and Thompson, 1988). Low-angle inclined
mudstones and is sharply overlain by the plane-beddathinae are commonly observed in the foreshore and
sandstone lithofacies (figs. 4, 5). The irregularly beddegper shoreface zones of beaches and are thought to
sandstone lithofacies consists of fine- to coarse-grainéokm under upper flow-regime conditions associated
moderately to well-sorted sandstone in discontinuougth wave-swash runoff (Clifton, 1969). The
beds up to 6.0 cm thick that locally contain plane-parallgiratigraphic position above organic-rich coal- and
and trough cross stratification (table 2). Vertical and beslcolecodont-bearing mudstone (organic-rich mudstone
parallel biogenic traces of uncertain affinity are preselithofacies) and storm-generated quartzose bioclastic
on many bedding surfaces. Bed-parallel traces are lindanestone and sandstone deposits (bioclastic limestone
stand in relief about 1.0 cm, and are up to 2.0 cm wided irregularly bedded sandstone lithofacies,
Non-branching bed-parallel forms are most commorgspectively) suggests deposition on the seaward side
although branching forms have been observed. Tracdsa barrier island. Similar sequences have been
resemble Thalassanoides and Ophiomorpha described from barrier-island settings by Kraft (1971),
(Hantzschel, 1975). Kraft and John (1979), and Wilkinson (1975).
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TROUGH CROSS-BEDDED position at the top of the lower Kayak Shale (fig. 4)
SANDSTONE suggests deposition in tidal inlets. Three-dimensional

The trough cross-bedded sandstone lithofaciesd4nes and mudstone drapes are common features in
situated at the top of the lower member, where it re§@ndstones deposited in tidally influenced settings (for
above the organic-rich mudstone lithofacies along &ample, Elliot, 1986; Raaf and Boersma, 1971;
erosion surface (figs. 4, 5). At one locality, the trougBRalrymple and others, 1992).
cross-bedded sandstone lithofacies truncates both theThe trough cross-bedded sandstone lithofacies
irregularly bedded and plane-bedded sandstorgeords deposition in two types of tidal inlets. A deep,
lithofacies and extends several meters into the underlysigble inlet is indicated where the trough cross-bedded
mudstones (figs. 4, 5). At another locality, where thgandstone lithofacies has truncated the barrier-island
irregularly bedded and plane-bedded lithofacies aggccession and cut into underlying mudstones (fig. 4).
absent, the trough cross-bedded sandstone lithofaclégal channels that scour below the level of associated
forms a laterally extensive lithosome with large-scafearrier-island deposits into underlying muddy substrates
lateral accretion surfaces (sandstone body at top of lowend to migrate slowly or remain fixed in one place
Kayak in figures 4 and 5). The trough cross-beddé€@lliot, 1986). An unstable or laterally migrating inlet is
sandstone lithofacies is up to 11 m thick and consistsinglicated where the plane-bedded and irregularly bedded
medium- to coarse-grained, commonly granule-bearisgndstone lithofacies (barrier island) are absent and the
sandstone and minor granule conglomerate. trough cross-bedded sandstone lithofacies is present as

Conglomerate beds are up to 1.0 m thick and a8 extensive sheetlike lithosome (fig. 4). Inlet fill of this
restricted to the base of the lithofacies. Whentgpe contains large-scale lateral accretion surfaces that
conglomerate is present, an upward-fining textural trefitlicate an easterly migration direction. Lateral accretion
is apparent, grading from conglomerate to medium- s¢irfaces are commonly observed in tidal-inlet
coarse-grained sandstone. Most clasts are of extrabashicessions and record migration of inlets in the
origin (quartz and minor chert); however, distinctivélirection of longshore currents (Hoyt and Henry, 1967).
mudstone intraclasts are present as elongated chipsTigial-inlet successions may dominate the depositional
to 7.0 cm long and 1.0 cm thick oriented parallel teecord of a barrier island along stretches of coastline
stratification. Trough cross bedding is ubiquitous witwvith significant longshore currents (Elliot, 1986).
individual sets from 0.4 to 0.5 m thick. Foresets are 0.5 to Swift (1968) suggested that transgressive
1.5 cm thick and usually separated by thin drapes @isconformities bound landward-migrating tidal-inlet
black mudstone. successions. Each disconformity represents a ravinement

Sandstone beds are up to 1.3 m thick arstirface, and Swift referred to this situation as a double
characterized by festoon trough cross bedding with seaginement. Following Swift (1968), two transgressive
from 0.4 to about 1.0 m thick. Mudstone intraclasts agésconformities are recognized where this lithofacies is
common and are oriented parallel to stratificatiofpresent. The lower surface corresponds to the base of
Foreset beds are commonly separated by thin drapeghef trough cross-bedded sandstone lithofacies and was
black mudstone. Scour troughs are 2.5 to 5.0 m witle result of scour associated with channelized tidal
and one was traced about 25 m in the transport directiontrents; the upper surface corresponds to the base of
An interval of plane-parallel bedded sandstone frothe plane-parallel bedded sandstone recognized at the
0.3 to 0.5 m thick usually caps this lithofacies. Both gratap of the inlet fill succession, and resulted from wave
size and the scale of stratification decrease slightigworking in the shoreface zone as the tidal-inlet system
upsection. migrated landward and was gradually abandoned due

Large-scale trough cross bedding and the coaitsgelative sea-level rise. Where the trough cross-bedded
grain size typical of this lithofacies suggest depositicgandstone lithofacies is absent, only one disconformity
under upper low-flow-regime conditions from migratings recognized and corresponds to the erosional contact
dunes. Dunes are commonly recognized bedformshiatween the irregularly bedded and plane-bedded
tidal inlets (Elliot, 1986; Reinson, 1984). Mudstonsandstone lithofacies.
drapes separating many foreset beds indicate fluctuating
energy conditions between times when flow strengDEPOSITIONAL
was great enough to transport granule-size clasts ECONSTRUCTION
times when flow strength was weak or nonexistent,
thereby allowing silt- and clay-sized particles to settle A depositional model for the lower Kayak Shale is
out of suspension and form mudstone drapes. The clesenmarized in figure 6. Deposition of the Endicott
association between this lithofacies and the irregulaBroup was initiated by relative sea-level rise that began
bedded and plane-bedded sandstone lithofacies anddtsaffect the northeastern Brooks Range in latest
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Tournaisian-earliest Visean time, based on the agetbe lower Kayak was directly controlled by
the basal Kekiktuk (Utting, 1991b). Prior to thispaleotopographic relief on the sub-Carboniferous
downcutting fluvial systems flowed over an upliftedinconformity. Onlap relationships between the lower
terrane of pre-Middle Devonian sedimentary anidayak Shale and underlying pre-Middle Devonian rocks
igneous rocks and established a system of inciskadve not been observed; however, the association
paleovalleys. Relative sea-level rise resulted in detween the lower Kayak and thick valley-filling
upward and landward shift in stream equilibriunsuccessions of the Kekiktuk Conglomerate suggests
profiles. Fluvial detritus that had previously bypasseatkeposition in an estuarine system (figs. 5, 6). Thick
the northeastern Brooks Range to be incorporated ipleovalley-filling successions of the Kekiktuk provided

a thick clastic wedge at the basin margin south of tabundant terrigenous sand to the marginal-marine
Franklin Mountains gradually became trapped withienvironment at the seaward end of incised valleys. The
incised paleovalleys. Thus, the onset of transgressiargularly bedded sandstone, plane-bedded sandstone,
in the range-front region of the northeastern Broolend trough cross-bedded sandstone lithofacies and their
Range is recorded by fluvial deposits of the Kekiktuktratigraphic relationships to each other suggest
Conglomerate. deposition in a barred estuary with a barrier island(s) at

The Kekiktuk is present in widespread but disghe seaward end (cf. Dalrymple and others, 1992).

continuous exposures throughout the northeastern The Kekiktuk Conglomerate and the overlying lower
Brooks Range and is thickest in incised paleovalley&@yak Shale were deposited on a surface characterized
(LePain and others, 1994). The Kekiktuk either thirsy significant local relief of at least 128 m (based on
drastically or pinches out entirely away from the axiahaximum thickness of the Kekiktuk Conglomerate) and
regions of paleovalleys, along the flanks of palegossibly up to 248 m (maximum thickness of the
topographic highs (paleointerfluves). The lower Kayakekiktuk Conglomerate plus the thickness of lower
Shale has been recognized only above these thiCkyak Shale). Paleotopographic relief as a control on
paleovalley-filling successions of the Kekiktuldistribution of fluvial, estuarine, and barrier-island
Conglomerate, which suggests that the distribution sficcessions is well documented for Holocene sediments

Lower Kayak

Coastal} Swamp

Middie Kayak
Shale

™\
Pre-Middle
Devonian Rocks

Kekiktuk
Conglomerate

Figure 6.Generalized block diagram showing a depositional reconstruction for the lower Kayak Shale. Refer to figure 5 for
key to lithofacies abbreviations.
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in Delaware (Kraft, 1971), for Cretaceous marginakbundance of distal storm-washover deposits suggest
marine rocks in Kansas (Franks, 1980), and the Texhat tides were in the high microtidal to low mesotidal
Gulf Coast (Wilkinson, 1975). Heward (1981) states thednge (Hayes, 1979). Flood-tidal delta deposits have not
barrier islands have the greatest preservation potenkiaen recognized in estuarine deposits of the lower Kayak
above paleotopographic lows, or drowned valleys. Ti&hale. Hayes (1979) noted that flood tidal deltas tend to
preservation of barrier-island and shallow tidal-inldte small or absent along microtidal and low mesotidal
deposits in the lower Kayak was likely enhanced bycmasts. Ebb-tidal delta deposits, if originally present,
paleogeographic position in an incised paleovalley. would be expected to have a low preservation potential

The degree of preservation of barrier-island arnd transgressive settings because of their high
shallow tidal-inlet deposits in the lower Kayak Shalstratigraphic position (McCubbin, 1982; Reinson, 1984).
also suggest deposition in an incised valley, as the
preservation potential of transgressive barrier islandsGONCLUSIONS
usually low unless they are associated with drowned
river Va”eys or if the rate of relative sea-level rise is Relative sea level rise in late Tournaisian time shifted
high (Fischer, 1961; Swift, 1968; Kraft and John, 1979jtream equilibrium profiles upward and landward
No information is available on the rate of relative seg20rth), and initiated fluvial deposition and preservation
level rise in the northeastern Brooks Range during théthin incised paleovalleys. As relative sea level rise
deposition of the lower Kayak. The contact between th@ntinued, the seaward portions of paleovalleys were
lower and middle members of the Kayak is interpretdfpoded, fluvial dispersal systems of the Kekiktuk
as a transgressive disconformity and a marine floodifgnglomerate were drowned, and the estuarine
surface that records drowning and shutdown gpnditions recorded in the lower Kayak Shale were
margina|_marine depositiona] systems, and t@tab“ShEd The description of the lower Kaya.k Shale
establishment of shallow-marine conditions on theresented in the preceding sections suggests the
seaward side (south) of estuaries (figs. 5, 6). following conclusions:

As sea level continued rising, barrier islands were (&) Seven lithofacies have been recognized in
initially able to retrograde and keep pace with the rise ~ the lower Kayak Shale that record
because of a readily available supply of coarse-grained  deposition in barrier-island, tidal-inlet, and
sediment from reworked fluvial deposits and longshore ~ back-barrier environments.
currents along open stretches of the coast. During this (0) The association between the lower Kayak
initial phase, barrier islands migrated landward Shale with relatively thick underlying
(northward) through a combination of storm-washover ~ Vvalley-fill fluvial successions of the
and shoreface-retreat processes in a manner analogous Kekiktuk Conglomerate suggests that the
to Holocene barriers along the Delaware coast (Kraft, ~ distribution of the lower Kayak was
1971; Kraft and John, 1979). This process continued  controlled by paleotopographic relief on the
until the supply of sediment was insufficient to maintain sub-Carboniferous unconformity, and that
the barrier system as underlying fluvial sediment  the lower Kayak Shale records deposition
(Kekiktuk Conglomerate), and terrigenous clastic in a barred estuarine system.
source areas (pre-Middle Devonian rocks) were buried (€) Barrier-island and associated tidal-inlet
due to continued transgression. Barrier islands probably ~ environments migrated landward (present-
responded by getting progressively smaller, until they ~ day north) by a process of shoreface erosion
were ultimately drowned and the surf zone skipped ~ and associated redistribution of sediment
some distance to the north. Regional study of the  landward into the estuarine setting as storm-
Endicott Group suggests that barrier islands were generated washovers.
probably not re-established at a more northerly position (d) The steadily decreasing supply of coarse-

(for example, the Sadlerochit and Shublik Mountains
and Leffingwell Ridge) because of the lack of a
sufficient volume of sand. However, outcrop belts are
widely spaced and oriented roughly parallel to the
Carboniferous coastline (fig. 3), so this cannot be
established with certainty.

Tidal-inlet deposits are a prominent feature in the
lower Kayak Shale and, at one locality, lateral inlet

grained detritus to the barrier island system,
combined with a steady rise in relative sea
level, ultimately led to drowning and
shutdown of marginal-marine depositional
systems (lower Kayak Shale) and
establishment of shallow-marine conditions
recorded by the middle and upper Kayak
Shale.

migration has resulted in complete removal of barrier- (€) The degree of preservation of barrier-island

island deposits. The presence of tidal inlets and the low

and tidal-inlet deposits in the lower Kayak
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Shale suggest deposition in incised Blodgett, R.B., Clough, J.G., Harris, A.G., and Robinson, M.S.,
paleovalleys in which valley margins of 1991, The Mount Copleston Limestone, a new Lower
resistant bedrock protected the seaward Devonian formation in the Shublik Mountains,
lithofacies from complete destruction from northeastern Brooks Range, AlaskeBradiey, D.C., and

. . Ford, A., eds., Geologic studies in Alaska by the U.S.
shoreface erosion as transgression Geological Survey in 1990: U.S. Geological Survey

pr_oceeded and the shoreline gradually Bulletin 1999, p. 1-5.
migrated northward. Braun, J., and Beaumont, C., 1989, A physical explanation of
the relation between flank uplifts and the breakup
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COOLING HISTORY OF THE OKPILAK BATHOLITH,
NORTHEASTERN BROOKS RANGE, AS DETERMINED
FROM POTASSIUM-FELDSPAR THERMOCHRONOMETRY

by
Julie S. Paegle,1 Paul W. Layer,2’3 and Andrew W. West2

ABSTRACT

Detailed step-hedPAr/3%Ar dating and potassium-feldspar thermochronometry of the Devonian Okpilak
batholith, northeastern Brooks Range, refine its long thermotectonic history. Samples from two locations
in the batholith yielded age spectra indicative of multidomain behavior of feldspar that can be modeled to
determine the cooling history of the batholith, which is consistent with previous age information. The
feldspar modeling provides a cooling history spanning a temperature range from ~450°C to 220°C and a
time from ~130 Ma to ~30 Ma. This history is different at different elevations in the batholith, and may
provide information on the Cretaceous paleogeothermal gradient (~20°C/km). These new data suggest that
the batholith experienced slow cooling due to uplift and erosion from ~130 Ma to ~40 Ma, when the
batholith underwent rapid uplift and cooling from a temperature of about 250°C to less than 100°C in a few
million years, consistent with fission track studies. Thus, the rocks were uplifted from a depth of greater
than 10 km (assuming a 20°C to 25°C/km geothermal gradient) in a relatively short period of time. These
new data rule out a model of gradual uplift from greater than 10 km depth between 59 and 40 Ma.

INTRODUCTION

Analysis of “°Ar/3°Ar age spectra has been show®kpilak batholith, northeastern Brooks Range, is a
to provide details about the geologic history of variougranitic body which is believed to have encountered a
regions and geologic settings (McDougall and Harrisolong and complex history from intrusion (Devonian) to
1988). Whereas most dating methods can proviéieal uplift (Cenozoic) (Dillon and others, 1987; Hanks
snapshots of the cooling history of a unit at particuland Wallace, 1990; O'Sullivan and others, 1995). We
times and temperatures, potassium feldsphave applied the technique of potassium feldspar
thermochronometry (Lovera and others, 1989; 199%hermochronometry to samples from this body to test
1993; Fitz Gerald and Harrison, 1993) has bedhe thermochronometry technique developed for simple
developed to model the complete cooling history of @oling histories when applied to more complex ones.
unit spanning a broad temperature range from ~400°C
to ~150°C. This technique has produced cooling-upliGEQLOGIC SETTING
history models that are consistent with other geologic
information in tectonic settings marked by simple The Okpilak batholith is the largest igneous body in
cooling histories (that is, intrusion followed by a singléhe northeastern Brooks Range (fig. 1) and has been
cooling or uplift event). Examples of successfulescribed in detail elsewhere (Sable, 1977; Bader and
application of the technique include the HimalayaBird, 1986; Hanks and Wallace, 1990). It intrudes weakly
(Richter and others, 1991; Copeland and others, 1998¢tamorphosed Proterozoic and Paleozoic sedimentary
and the Alaska Range (West, 1994). and volcanic rocks of the Franklinian sequence, which

One of the basic assumptions of the technique afe the oldest rocks exposed in the northeastern Brooks
Lovera and others (1989) is that the feldspar h&ange (Reiser and others, 1980). U-Pb zircon dating
encountered a simple cooling history, without substantias yielded an initial crystallization age of 380 £ 10 Ma
reburial or reheating. It is unclear how applicable su¢billon and others, 1987) for the batholith. Both the
modeling is in accurately determining the thermal histobatholith and the Franklinian sequence are
in more complicated geologic settings where, farnconformably overlain by Mississippian to Lower
example, intrusion is followed by a long and complekretaceous carbonate and clastic rocks of the
history marked by uplift, subsidence, and reheatiriglesmerian sequence (Sable, 1977; Bird and Molenaar,
events (Zeitler and Warnock, 1992). The Devonialf87).Geochronologic and depositional relationships
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2Geophysical Institute University of Alaska Fairbanks, Fairbanks, Alaska 99775.
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clearly indicate that the batholith predates the ufHanks and Wallace, 1990). The northward propagation
conformity. Granitic pebbles are found in Mississippiaaf a detachment resulted in the eventual involvement of
rocks at the base of the Ellesmerian sequence whibk batholith in the thrusting event. This deformation
implies that the batholith was at or near the surfaceaatd uplift of the batholith, as proposed by Hanks and
that time (LePain and others, 1994). The Ellesmeri&vallace (1990), could be accommodated in either the
sequence is, in turn, conformably overlain by Lowdbrm of a series of discrete fault slices bounded by shear
Cretaceous and younger sediments of the Brookiaones or by homogeneous simple shear at the
sequence. These sediments were derived from the upliftssoscopic and microscopic level, or by a combination
and erosion of the main axis of the Brooks range to théthe two (Hanks and Wallace, 1990).
south (Mull, 1985; Molenaar and others, 1987). Geochronologic information that records this
All three sedimentary sequences and the batholi@enozoic history includes a 61 + 10 Ma zircon lead-
were involved in Cenozoic fold and thrust deformatiooss event and a 59 + 2 Ma K/Ar age from recrystallized
(Hanks and Wallace, 1990, Wallace and Hanks, 19%iotites from the southern part of the batholith (Dillon
Hanks, 1993). The northward-concave arcuate trendasfd others, 1987). These ages have been interpreted to
structures around the batholith’'s southern margindicate isotopic resetting caused by metamorphism.
suggests that the batholith initially acted as a structugtcon fission track ages from the batholith are 45 + 2 Ma,
buttress, delaying thrusting in its immediate vicinityhereas apatite fission-track data have produced ages

} } I Beaufort Sea

!
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sedimentary rocks
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Figure 1.General geologic map of the setting of the Okpilak batholith, northeastern Brooks Range, Alaska [adapted from
Hanks and Wallace (1990) and O’Sullivan and others (1995)]. The samples dated in this study are from the center of the
batholith, and from the summit and base of Mt. Michelson (not shown).
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from ~43 Ma at the top to ~23 Ma at the base for subemplex heating schedule (table 1) allows the structure
sequent deformation, possibly in the form two discretd argon retention in feldspars to be more easily
events of structural uplift at ~41-45 Ma and ~25 Mdetermined.
(O’Sullivan, 1993; O'Sullivan and others, 1993; 1995).

Although the apatite fission-track study (O'SullivarB|OTITE INTERPRETATION
and others, 1995) provides a continuous cooling history
for the latest history of the batholith, there are gaps in “°Ar/3°Ar analyses on biotites from all samples
the thermal history of the batholith between 60 Ma ag@alyzed yield simple age spectra with flat plateaus of
45 Ma and between the time of batholith intrusion (38680 Ma with little or no argon loss (fig. 2; table 2). The
Ma) and 60 Ma. We have attempted to document a mdietite shows varying amounts of chlorite alteration, and
detailed, continuous cooling history through applicatiothe amount of chlorite present varies throughout the
of the*CAr/39Ar thermochronometric method to addresbatholith. The plateau age is similar to previous K-Ar

these gaps in the geologic history. and U-Pb lower intercept ages (Dillon and others, 1987)
and is interpreted to represent the time when biotite
40A1/39Ar DATING cooled through its argon closure temperature (~300°C)

in response to an early Cenozoic thermal event. These
Two of 21 samples previously collected and datefjes are markedly older than apatite fission-track ages
by apatite and zircon fission-track technig(@$ullivan  of ~41-25 Ma, which are interpreted to reflect two
and others, 1995) were selected for fi/3%Ar study. periods of rapid cooling below temperatures of ~110°C
By using samples previously analyzed, the datirig ~60°C (O’Sullivan, 1993; O’Sullivan and others,
methods and determination of thermal histories 4995) (table 2).
different locations in the batholith can be directly
compared. The samples chosen are from the highpgdTASSIUM FELDSPAR
elevation (88POS81-a; 2,470 m) and lowest elevatigiHERMOCHRONOMETRY
(88P0OS89-a; 1,091 m) along a vertical transect in the
center of the batholith (fig. 1). These two samples are The potassium feldspar age spectra show far more
separated by ~1,400 m of elevation and are roughly @@mplexity than the biotite spectra (fig. 2).
same distance from the north margin of the batholitgharacteristics of the spectra are very old ages at lower
The elevation difference should easily show the therni@mperatures (generally at less than 0.2 fracticifaf
gradients within the batholith. released), lows or saddles at ~50 Ma (at ~0.2 to 0.3
For each sample, biotite and potassium feldspl@action of *°Ar released), and complex stair-step rises
separates were dated by tHAr/3%Ar step-heating to a plateaus at 100 to 120 Ma. All these features have
method by using a Nuclide mass-spectrometer systbeen observed in feldspars elsewhere and are indicative
with an “on-line” resistance-style furnace (see Solie ad complex thermal histories (for example, Lovera and
Layer, 1993, and West, 1994, for analytical detailsythers, 1989, 1991; West 1994).
Samples were irradiated with the mineral standard
MMhb-1 with an age of 513.9 Ma (Samson an@HE EFFECT OF INCLUSIONS
Alexander, 1987; Lanphere and others, 1990) and The first 20 percent of gas release in both feldspar
processed by using the decay constants of Steiger aadnples is marked by anomalously old ages
Jaeger (1977), following procedures outlined inharacteristic of excess argon. Harrison and others
McDougall and Harrison (1988). Analytical data fof1994) have attributed this to the presence of fluid
biotite and feldspar samples from 88P0OS81-a aintlusions in feldspar that contain argon and chlorine,
88P0S89-a are shown in table 1. Biotite samples wealghough the exact source of the fluid is not discussed.
step heated at seven to nine temperature steps froimough the use of isothermal steps at low temperatures,
400°C to sample fusion at 1,600°C. Potassium feldspghe effect of argon in these inclusions can be modeled.
samples were step heated in a more complex fashidarrison and others (1994) observed a quantitative
following procedures outlined in Lovera and othersorrelation between the release of excess radiogenic
(1989) with ~45 fractions extracted. Key componentwgon (°Ar*) and of excess®Ar, which is produced
of the heating schedule are isothermal steps that &mm chlorine during the irradiation of the sample. The
repeat steps at the same temperature with a cyctatio of chlorine-derived®Ar to *°Ar is proportional to
heating schedule, where heating steps are gradudlyl/K, allowing for a correction in the low-temperature
increased in temperature, reduced to a lower temperatpagt of the age spectra. Figure 3 shows a plot of excess
step with a long heating time, and then once againgon A*°Ar*/K) versus excess chlorineACI/K) in
followed by a gradual increase in temperature. Thismples 88POS81-a and 88P0OS89-a. For each sample,
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the slope is close enough to unity to merit applicatidar this sample. The effect of this “fluid inclusion” argon
of the chlorine correction for excess argon in the lovis much greater than that observed in simpler cases (for
temperature part of the age spectra. ZK value example, the McKinley pluton; West, 1994), perhaps
for 88P0S89-a is slightly higher than that of the othattesting to the complex history (that is, involvement of
sample, indicative of a different (younger) cooling ageydrothermal fluids in a metamorphic event) of the

140
K-spar K-sparmodel =~
120 step-heat
100 data
)
2 0
q) -;. RO & & :
210 60 wan s
40 P Biotite step-heat data
20 j a -
0 K-sparlchlorine correlcted ) 8§POSSI a . 2470 m
0.0 0.2 0.4 0.6 0.8 1.0
Fraction of 39Ar released
140 Kospar
120 step-heat K-spar model
data
< 100 b
\2-’ 80
(&)
%D 60 R R L AR ENEE LR R R I I R G .::
Biotite step-heat data/r
40 T.q.
20 K-spar chlorine corrected b) 88P0OS89-a 1091 m
O Ik 1 I 1 } ¥ ¥ ! } 1 ! ! : T T T : T T T
0.0 0.2 0.4 0.6 0.8 1.0
Fraction of 39Ar released

Figure 2.Age spectra plots for biotite and potassium feldspar from samples 88POS81-a from 2,740 m (a) and 88POS89-a from
1,091 m (b). Anomalous old ages at <0.1 and between 0.4 and 0.5 fract#r ofleased in the potassium feldspar age
spectra (deviations from the model) are explained by argon trapped in inclusions in the mineral. Modeling of the relationship
between chlorine and argon allows for correcting for this effect. The model spectrum represents the best fit to the data
based on the diffusion parameters determined through thermochronometric modeling (Lovera and others, 1989; 1991).



Table 1. “Ar/*Ar step heat analyses of biotite and potasium feldspar from the Okpilak Batholith

Weighted average of J from standards = 0.007579 +/- 0.000054

88POS81-a Biotite
Mass=0.0854 g

Temp.? Time® Cumulative® DArPArt YTAr/PArt BAr/PArt Volume ¥Ar* % Atmos." YAr*/PAr # +/- Age"
(((®) (min) ¥Ar measured measured measured x 102 mol/g “Ar (Ma)
700 20 0.2624 4.546 0.015 0.001 36.158 6.441 4.226 0.017 56.9
800 20 0.5305 4.261 0.008 0.000 36.948 0.332 4219 0.017 56.8
900 20 0.7082 4.244 0.015 0.000 24.495 0.444 4.197 0.025 56.5
1000 20 0.8727 4.424 0.044 0.000 22.665 0.559 4371 0.027 58.8
1100 20 0.9881 4.531 0.207 0.000 15.899 0.028 4.502 0.038 60.5
1200 20 0.9960 9.177 4.921 0.002 1.089 2.746 8.926 0.550 118.1
1600 20 1.0000 18.092 9.247 0.013 0.553 16.635 15.150 1.087 196.1
Integrated 4.486 0.116 0.000 137.807 2.283 4.355 0.012 58.6
88POS81-a K-spar
Mass=0.2558 g
Weighted average of J from standards = 0.008060 +/- 0.000040
Temp.* Time" Cumulative* WAr/PArt YAr/PArt FAr/PArt Volume *Ar* % Atmos.” YAr*/PAr ¢ +/- Age"
(°O) (min) ¥Ar measured measured measured x 1072 mol/g WAr (Ma)
450 20 0.0015 214.938 0.014 0.165 0.459 22.733 166.056 0.468 1532.6
525 20 0.0031 35.257 0.003 0.056 0.499 46.878 18.714 0.295 253.5
525 20 0.0138 47.909 0.000 0.044 3.256 27.372 34.774 0.062 445.8
565 20 0.0228 10.443 0.004 0.020 2.729 57.902 4.384 0.054 62.7
565 20 0.0429 15.550 0.001 0.016 6.119 29.569 10.931 0.027 152.3
600 20 0.0557 5.749 0.002 0.007 3.877 34.955 3.721 0.038 53.3
600 20 0.0741 10.710 0.002 0.008 5.624 21.348 8.401 0.028 118.2
600 20 0.0907 6.434 0.003 0.005 5.058 23.113 4.925 0.029 70.2
640 20 0.1147 9.879 0.002 0.006 7.291 18.102 8.068 0.022 113.7
670 20 0.1421 8.809 0.003 0.005 8.353 17.295 7.261 0.019 102.6
700 20 0.1684 7.133 0.003 0.004 7.988 15.446 6.007 0.019 85.3
700 20 0.1821 4.103 0.004 0.001 4.160 10.074 3.664 0.035 52.5
700 40 0.1980 3.565 0.003 0.001 4.851 8.828 3.224 0.030 46.3
700 75 0.2087 3.324 0.003 0.001 3.262 6.682 3.075 0.045 442
600 980 0.2151 4.523 0.002 0.005 1.937 31.520 3.078 0.075 44.2
675 20 0.2157 3.062 0.020 -0.001 0.184 -14.525 3.474 0.794 49.8
750 20 0.2205 3.425 0.002 0.001 1.458 7.184 3.152 0.100 453
790 20 0.2345 3.732 0.004 0.001 4.279 7.983 3.407 0.034 48.9
830 20 0.2575 3.979 0.005 0.001 6.980 9.463 3.577 0.021 51.3
860 20 0.2790 3.786 0.005 0.001 6.544 7.477 3.476 0.023 49.9
890 20 0.3000 4.176 0.007 0.001 6.417 8.711 3.786 0.023 54.2
890 20 0.3151 5.128 0.006 0.002 4.586 11.225 4.527 0.032 64.7
920 20 0.3333 6.483 0.005 0.003 5.542 15.004 5.486 0.027 78.1
920 20 0.3466 7.367 0.005 0.004 4.051 15.471 6.203 0.037 88.0
920 40 0.3676 7.849 0.004 0.004 6.382 16.938 6.496 0.024 92.1
920 210 0.4010 8.538 0.003 0.006 10.175 19.213 6.874 0.016 97.3
750 2010 0.4027 12.123 -0.001 0.022 0.506 53.598 5.612 0.289 79.8
840 30 0.4030 6.762 0.018 0.007 0.097 28.617 4.806 1.511 68.6
940 25 0.4105 10.132 0.004 0.007 2.274 19.962 8.087 0.065 113.9
980 20 0.4281 10.562 0.005 0.007 5.367 20.308 8.394 0.029 118.1
1010 20 0.4497 9.670 0.004 0.006 6.564 18.084 7.898 0.024 111.3
1040 20 0.4796 9.355 0.004 0.005 9.096 16.753 7.764 0.018 109.5
1040 20 0.4982 8.454 0.005 0.004 5.682 15.379 7.129 0.027 100.8
1040 40 0.5201 8.074 0.004 0.004 6.668 13.904 6.927 0.023 98.0
1040 80 0.5507 7.592 0.004 0.003 9.317 12.342 6.630 0.017 93.9
1070 20 0.5637 8.669 0.003 0.004 3.946 12.987 7.518 0.038 106.1
1100 20 0.5853 8.818 0.004 0.004 6.563 12.284 7.710 0.024 108.8
1125 20 0.6132 8.701 0.004 0.003 8.512 11.472 7.678 0.019 108.3
1150 20 0.6500 8.658 0.002 0.003 11.182 10.327 7.738 0.015 109.2
1175 20 0.7003 8.744 0.002 0.003 15.318 9.354 7.900 0.012 111.4
1200 20 0.7712 9.061 0.000 0.003 21.573 8.552 8.259 0.011 116.3
1300 20 0.9863 9.390 0.000 0.003 65.492 8.680 8.548 0.009 120.2
1450 20 0.9892 10.350 0.022 0.005 0.886 13.533 8.925 0.165 125.3
1650 20 1.0000 11.015 0.004 0.007 3.276 18.316 8.974 0.046 126.0
Integrated 9.051 0.002 0.005 304.381 15.364 7.636 0.004 107.8
88P0OS89-a Biotite
Mass=0.0908 g
Weighted average of J from standards = 0.007579 +/- 0.000054
Temp.? Time® Cumulative® DA Art YTAr/*Art FArArt Volume *Ar* % Atmos. YAr*/PAr * +/- Age"
(°O) (min) ¥Ar measured measured measured x 102 mol/g “Ar (Ma)
400 20 0.0037 12917 0.204 0.037 0.338 85.026 1.930 1.661 26.2
600 20 0.1086 3.784 0.085 0.004 9.453 35.031 2.440 0.060 33.1
700 20 0.2516 4.768 0.122 0.002 12.900 10.021 4.265 0.044 57.4
800 20 0.4228 4.597 0.037 0.001 15.442 4.618 4.357 0.050 58.6
900 20 0.5234 4.639 0.056 0.001 9.076 5.224 4.370 0.062 58.8
1000 20 0.8489 4.636 0.060 0.000 29.349 3.086 4.465 0.020 60.0
1100 20 0.9644 4392 0.443 0.000 10.420 2.141 4.271 0.054 57.5
1200 20 0.9876 4.847 2.735 0.002 2.090 10.219 4.334 0.270 58.3
1600 20 1.0000 6.528 2.244 0.006 1.121 24.291 4.928 0.501 66.2
Integrated 4.590 0.201 0.001 90.190 8.667 4.167 0.020 56.1

+/-
(Ma)

0.2
0.2
0.3
0.4
0.5
7.0
133
0.4

+/-
(Ma)

2.9
3.7
0.7
0.8
0.4
0.5
0.4
0.4
0.3
0.3
0.3
0.5
0.4
0.6
1.1
11.2
1.4
0.5
0.3
0.3
0.3
0.5
0.4
0.5
0.3
0.2
4.0
21.2
0.9
0.4
0.3
0.2
0.4
0.3
0.2
0.5
0.3
0.3
0.2
0.2
0.1
0.1
2.2
0.6
0.5

+/-
(Ma)

22.4
0.8
0.6
0.7
0.8
0.3
0.7
3.6
6.6
0.5

*Step-heating temperature.

*Duration of time at a particular temperature (in minutes).
‘Normalized volume of *Ar released.

dIsotopic ratios corrected for system blank and decay of *’Ar.
‘Incremental volume of *?Ar released in moles per gram of sample.

Percentage of atmospheric argon in the sample assuming the atmospheric “Ar/**Ar ratio = 295.5.

#Ratio of radiogenic “’Ar to *?Ar produced from potassium (with 1
"Radiometric age of sample in Ma (with 1§ error).

§ error).
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Table 1. “’Ar/*’Ar step heat analyses of biotite and potasium feldspar from the Okpilak Batholith—Continued

88P0OS89-a K-Spar
Mass=0.2723 g
Weighted average of J from standards = 0.008060 +/- 0.000040

Temp.? Time" Cumulative* AP Art YAr/PArt AT/ Ard Volume ¥Ar* % Atmos. CAr*/PAr # +/- Aget
(o) (min) ¥Ar measured measured measured x 102 mol/g “AY (Ma)
450 20 0.0013 203.768 0.030 0.142 0.409 20.637 161.696 0.479 1505.3
450 20 0.0023 31.219 0.022 0.040 0.310 37.627 19.454 0.445 262.8
525 20 0.0107 56.365 0.005 0.033 2.592 17.155 46.672 0.075 576.1
525 20 0.0165 9.751 0.009 0.013 1.797 38.339 5.995 0.077 85.1
565 20 0.0298 17.678 0.005 0.010 4.093 17.328 14.591 0.037 200.6
565 20 0.0376 6.602 0.010 0.005 2.408 20.342 5.236 0.057 74.6
600 20 0.0547 15.690 0.009 0.007 5.295 12.763 13.663 0.030 188.5
600 20 0.0627 5.459 0.019 0.003 2.461 14.495 4.643 0.056 66.3
640 20 0.0810 13.374 0.021 0.006 5.668 12.219 11.714 0.027 162.8
670 20 0.0999 9.471 0.027 0.004 5.840 11.497 8.357 0.025 117.6
700 20 0.1191 7.357 0.013 0.003 5.927 10.543 6.555 0.024 92.9
730 20 0.1438 7.106 0.007 0.002 7.626 10.256 6.351 0.019 90.1
730 20 0.1567 3.371 0.006 0.001 3.972 4438 3.194 0.035 45.9
730 40 0.1722 3.276 0.006 0.001 4.777 5.246 3.077 0.029 442
730 75 0.1935 3.996 0.004 0.001 6.582 5.850 3.735 0.021 53.5
600 995 0.1963 6.647 0.004 0.011 0.883 50.337 3.287 0.155 47.2
675 20 0.1967 2.766 0.016 -0.001 0.123 -9.417 2.995 1.119 43.0
750 20 0.2018 3.384 0.005 0.000 1.584 1.512 3.304 0.087 47.4
790 20 0.2068 3.240 0.004 -0.001 1.523 -4.728 3.363 0.090 48.3
830 20 0.2268 3.447 0.005 0.000 6.189 3.286 3.306 0.022 47.5
860 20 0.2497 3.568 0.005 0.000 7.081 3.559 3.414 0.020 49.0
890 20 0.2751 3.803 0.005 0.001 7.846 5.145 3.581 0.018 51.3
920 20 0.3023 4.291 0.006 0.001 8.397 6.780 3.973 0.017 56.9
920 20 0.3202 4.762 0.005 0.001 5.527 6.865 4.408 0.025 63.0
950 20 0.3456 5.588 0.005 0.002 7.854 8.861 5.066 0.018 72.2
950 20 0.3641 5.691 0.005 0.002 5.703 8.626 5.174 0.025 73.7
950 40 0.3956 6.158 0.005 0.002 9.725 9.753 5.532 0.015 78.7
950 160 0.4162 6.629 0.004 0.002 6.360 10.721 5.893 0.022 83.7
750 1030 0.4183 11.216 0.005 0.019 0.667 49.090 5.696 0.206 81.0
840 30 0.4187 4.953 0.015 -0.002 0.116 -13.680 5.598 1.178 79.6
940 25 0.4235 6.599 0.004 0.002 1.487 8.987 5.980 0.092 84.9
980 20 0.4362 7.433 0.006 0.003 3.924 10.537 6.624 0.036 93.8
1010 20 0.4559 7.077 0.006 0.002 6.074 10.061 6.339 0.023 89.9
1040 20 0.4826 6.761 0.006 0.002 8.261 9.622 6.085 0.018 86.4
1070 20 0.4995 6.107 0.005 0.002 5.194 8.497 5.562 0.027 79.1
1070 20 0.5254 6.660 0.006 0.002 8.007 8.419 6.073 0.018 86.2
1070 20 0.5420 6.071 0.006 0.002 5.126 7.469 5.591 0.027 79.5
1070 40 0.5654 5.927 0.004 0.001 7.226 6.603 5.509 0.020 78.4
1070 80 0.5951 6.078 0.004 0.001 9.171 6.081 5.681 0.016 80.8
1100 20 0.6065 6.615 0.003 0.001 3.526 5.838 6.202 0.039 88.0
1125 20 0.6266 7.126 0.004 0.001 6.227 6.005 6.671 0.023 94.5
1150 20 0.6579 7.415 0.003 0.002 9.660 6.217 6.927 0.016 98.0
1175 20 0.7052 7.614 0.002 0.002 14.600 6.105 7.122 0.012 100.7
1200 20 0.7746 7.829 0.001 0.002 21.434 6.172 7.319 0.010 103.4
1300 20 0.9871 7.876 0.000 0.002 65.658 6.363 7.348 0.008 103.8
1450 20 0.9969 7.991 0.007 0.004 3.002 15.150 6.756 0.046 95.7
1650 20 1.0000 10.937 0.011 0.013 0.971 35.506 7.035 0.142 99.5
Integrated 7.738 0.005 0.003 308.882 9.872 6.948 0.004 98.3

+/-
(Ma)

3.0
5.6
0.8
1.1
0.5
0.8
0.4
0.8
0.4
0.3
0.3
0.3
0.5
0.4
0.3
22
15.9
1.2
1.3
0.3
0.3
0.3
0.2
0.4
0.3
0.3
0.2
0.3
2.9
16.4
1.3
0.5
0.3
0.2
0.4
0.3
0.4
0.3
0.2
0.5
0.3
0.2
0.2
0.1
0.1
0.6
1.9
0.5

*Step-heating temperature.

Duration of time at a particular temperature (in minutes).

‘Normalized volume of *Ar released.

dIsotopic ratios corrected for system blank and decay of *’Ar.

Incremental volume of ¥Ar released in moles per gram of sample.

'Percentage of atmospheric argon in the sample assuming the atmospheric “’Ar/*°Ar ratio = 295.5.
¢Ratio of radiogenic “’Ar to *?Ar produced from potassium (with 1§ error).

"Radiometric age of sample in Ma (with 1§ error).
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Okpilak batholith. By using the “chlorine correction,” &@ach of the samples, four diffusional domains were
model age spectrum can be constructed that remoissated (fig. 4). The diffusion parameters for the two
the effect of excess argon (fig. 2). A similar effect afamples are very similar and are shown in table 3.
excess argon is also seen at ~0.4 fractior™fr re- The results from modeling the Arrhenius plots were
leased. This excess argon correlates well with chlorififen used to fit the age spectra (fig. 2). For each domain,
(fig. 3) and is taken into account in the modelingitial ages and cooling rates are assigned based on a

discussed below. visual fit to the age spectrum. The model will find the
best fit ages, cooling rates, and volume fraction of each
MULTIPLE DIFFUSION DOMAINS domain. The smallest domains were difficult to fit

Once the age spectrum is “corrected” for the effedeecause of the presence of exc¥8s* in the lowest
of excess argon, it can be modeled by using tiemperature fractions. The age of the first domain was
techniques of Lovera and others (1989). This modelingtermined by using the minimum age fraction, although
involves calculating the diffusion 6PAr out of the the overwhelming excess argon from inclusions makes
sample as a function of temperature and determinititpt age identification less precise. Both the older age
diffusion parameters that best fit the data. Potassifhumps” caused by exce4®Ar* from inclusions were
feldspars consist of “diffusion domains,” which trap anignored in the fitting. The fit of the Arrhenius plot was
release argon independently. Analysis of feldspars he®ecked again with the new volume fractions. If the fit
shown that there are discrete domain sizes in the minersté&s still satisfactory, the modeling was then complete.
(Fitz Gerald and Harrison, 1993), and they can be udédot, new diffusion parameters and ages were picked
to calculate cooling histories and model age spectraand the modeling was rerun. The final result of the age
although there is some debate about the validity of tapectrum modeling was cooling histories spanning ~30
method (Villa, 1996). Ma to 140 Ma and from 200°C to 400°C. The resultant
Arrhenius diagrams were calculated for each samgieoling histories are relatively insensitive to changes in
by using the computer code developed by Lovera (198f)main size and domain volume (and also to small
(fig. 4), which determines diffusion parameters anchanges in the frequency factor angl. Elowever, they
volume fractions for the various diffusion domains. Iare sensitive to ages assigned to each domain and to the
general, the best fits for both the Arrhenius plots amcess argon modeling.
age spectra were for models with the same number (or
one greater) of domains as heating cycles. The activation
energy (E), frequency factor ([), and relative domain Table 2.Biotite “°Ar/ 3°%Ar and apatite fission-track ages
sizes are determined by fitting the Arrhenius plot. For

88P0OS81-a 88P0OS89-a

Sample elevation 2,470 m 1,091 m
Biotite plateau age 58.6 +05Ma 56.1+0.5Ma
Apatite fission track age 43.4+2.8Ma 31.8+2.2Ma

80'Sullivan and others, 1995.

Figure 3.Log-log plot of A%Ar*/K 1E-4

versus ACI/K (Harrison and = POS81a d 1
others, 1994) derived from sampleg g a domam
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Figure 4 Arrhenius plots for samples 88P0OS81-a (a) and 88P0OS89-a (b) determined from the cycled step heating experiments.
The best-fit model Arrhenius plots are also shown. Line segments show trends for each domain.
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Table 3.Best-fit diffusion parameters for Okpilak feldspars indicate that cooling occurred before 40 Ma. For the
K-spar, the model age of the youngest domain (with a

88POS81-a 88POS89-a  closure temperature of ~225°C to 275°C) is most
affected by excess argon in inclusions, as seen by the

Eo(égg‘/ﬁ(l) T)) 613?'35 (?647 CI/K analysis (fig. 3) and it is difficult to assign a reliable
: age to this domain. Therefore the age assigned to this
# of domains 4 4

domain may have been incorrect and the true age of this

Volume fraction in each domain domain may be older. If this is the case and if the age of

domain 1 0.1134 0.0770 domain 1 is ~43 Ma to 45 Ma rather than ~37 Ma, the
domain 2 0.1330 0.1871 feldspar and fission-track cooling trajectories would be
domain 3 0.2060 0.2590 the same. In fact, it may be possible to use the detailed
domain 4 0.5250 0.4770  fission-track history to model the effect of inclusions

_ on excess argon in the feldspar.

_ Age of each domain (Ma) Excess argon is not present in domain 2 with an age
domain 1 38 37 of ~50 Ma, which allows us to have more confidence in
domain 2 50 48 . .
domain 3 100 75 the age a§S|gned to that domain. Two models for the
domain 4 122 104 cooling history between 60 Ma and 45 Ma were

proposed by O'Sullivan and others (1995). Our results
Size of domains relative to the first domain: from domains 2 and 3 imply that onset of uplift was
log(r/r ;) rapid at ~45 Ma, thereby ruling out a model of gradual
domain 1 0.00 0.00 uplift from depth between 59 Ma and 43 Ma.
domain 2 1.70 1.25 The cooling histories for the two samples for the
domain 3 2.45 2.25 time before 60 Ma follow parallel, but offset, paths. In
domain 4 2.60 2.55

figure 5a, the temperature for sample 88P0OS81-a is
~25°C below (cooler than) the temperature for sample
DISCUSSION 88P0S89-a at any particular time. The elevation
difference between the samples is 1.4 km. If we assume
The diffusion parameters obtained from applyingo tilting of the pluton, this elevation difference allows
diffusion models proposed by Lovera and others (198®y calculation of a minimum geothermal gradient of
to the feldspar age spectra result in cooling historie20°C/km during that time. If the pluton was tilted
with different diffusion domains reflecting differentduring the thrusting event, the gradient would be higher.
parts of the cooling history (fig. 5a). These models can As represented in figure 5a, the modeled cooling
then be compared to each other and to other geologaths for domain 4 in the feldspar start at temperatures
and geochronologic information from the batholithof ~450°C. This is a very high temperature and, based
Samples 88P0S81-a and 88P0OS89-a, which differan geologic and petrologic evidence (for example, Hanks
elevation by ~1,400 m, show similar apparent coolirend Wallace, 1990), it is doubtful that the pluton was
histories: an extended period of slow, gradual coolirgyer buried to a depth of 20 km or greater. The diffusion
for the more retentive domains, followed by more rapiodeling programs of Lovera and others (1989) assume
cooling for the least retentive domain. Specificallya simple cooling history for a feldspar from intrusion to
88P0S81-a shows gradual cooling from ~450°C aplift, which may not apply to the Okpilak batholith.
140 Ma to ~300°C at ~40 Ma, followed by a period d&n alternate explanation for age information in the
rapid cooling to ~225°C at 30 Ma (fig. 5a). Similarlyhighest temperature domains is that they preserve or
88P0S89-a exhibits cooling from ~450°C at 130 M=tain radiogenic argon from the long history of the
to ~270°C at 30 Ma, followed by rapid cooling fronpluton from its intrusion at 380 Ma, its unroofing at
~225°C at 30 Ma (fig. 5a). ~340 Ma, and its subsequent reburial (fig. 5b). The
The cooling histories for the two samples arsample from the higher elevation (88POS81-a) has older
statistically identical for the time period younger thaapparent ages for these domains, which would be
60 Ma and 300°C, which implies that the pluton wazpnsistent with the fact that this sample was cooler than
essentially isothermal (or cooling rapidly) during théhe lower sample (88POS89-a) and, hence, lost less of
time from ~60 Ma to 30 Ma. This is qualitatively similathis radiogenic argon. Additional “forward” modeling
to the results of O’Sullivan and others (1995); howevesf the age spectra beginning with a thermal history is
it indicates a cooling history that is different from thanecessary to better unravel the “complete” thermal history
of O'Sullivan and others (1995) for ages younger thani the Okpilak batholith (Zeitler and Warnock, 1992).
45 Ma. The feldspar data indicate that rapid cooling Thermochronometric modeling of the Okpilak
occurred after 40 Ma, whereas the fission-track ddtatholith produces a cooling-history model that is
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Figure 5.(a) Cooling history for samples 88P0OS81-a and 88P0OS89-a from the Okpilak batholith obtained from
feldspar thermochronometric modeling. For each sample, the cooling segments determined for the four diffusional
domains from each sample are shown. The segments are not connected, however for each feldspar sample, a
smoothly varying cooling path can be constructed. Also shown are the $iatit€?Ar plateau age (this study),
and apatite and zircon fission track ages and cooling path from O’Sullivan and others (1995) using closure
temperature values from Wagner and Van den Haute (1992). (b) Long-term cooling history from the time of
batholith intrusion. U-Pb age is from Dillon and others (1987). Dashed line shows a possible cooling history
reflecting exposure of the batholith at the surface in Mississippian time (LePain and others, 1994).

qualitatively consistent with previous geochronologi&Ve thank Chris Nye and Paul O’Sullivan for
evidence. The complex history of the batholith posesnstructive reviews of the manuscript. This work was
problems that make direct application of the technigwempleted by J. Paegle under grant EAR93-22471 from
difficult. Excess argon in the feldspar, perhaps in fluiNSF for the Research Experience for Undergraduates
inclusions, masks the preservation of the lowprogram at the Geophysical Institute, University of
temperaturepart of the thermal history of the feldsparAlaska Fairbanks.

whereas “memory” of intrusion and burial may complicate
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FIRST OCCURRENCE OF A HADROSAUR (DINOSAURIA)
FROM THE MATANUSKA FORMATION (TURONIAN) IN THE
TALKEETNA MOUNTAINS OF SOUTH-CENTRAL ALASKA

by
Anne D. Pasch! and Kevin C. May!

INTRODUCTION

The recent discovery of a hadrosaur (“Lizzie") iprovides a reliable age of middle Turonian (early Late
the Talkeetna Mountains about 150 km northeast Gfetaceous), making it one of the few well-dated early
Anchorage is of special interest for several reasons. Ihadrosaurs known in the world. Its location in the
the first known occurrence of a hadrosaur in soutMatanuska Formation makes it one of only four
central Alaska, adding a new high latitude localityertebrate fossils known from the Wrangellia composite
(62°N) for dinosaurs (fig. 1). Lizzie is unique in thaterrane in south-central Alaska (fig. 2). Although
she represents the only association of dinosaur bonediimosaur remains are uncommon in marine deposits, this
Alaska that can be attributed to a single individual. Aadrosaur is the second dinosaur to be found in the
closely associated assemblage of marine invertebrategine mudstones of the Matanuska Formation. The

first, Edmontonia a nodosaur recently described by
Gangloff (1995), is of Campanian-Maastrichtian age,

Geology Department, University of Alaska Anchorage, 321@r at least 10 million yrs younger than the new find
Providence Drive, Anchorage, Alaska 99508-8338. (fig. 3).
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Figure 1.Map of Alaska showing location of the Lizzie quarry in the Talkeetna Mountains of south-central Alaska.

99



SiorT NoTESON ALaska GeoLocy 1997

100

‘(e "d ‘Z66T ‘99B|[eM WOJ) PalipoW) BySely [eUus2-UInos Jo auelia) Jejnsuiuad ayl Ul Sanifedo| alelgallaA [ISSo) inoj ay] g aInbi4

SHILINWOTUM
002 00} 0
1 1 1
BYSElY JO JinD

souelIa)
pajenualayipun

Aeg jo1sug

"W YouxeN

olsseinr aje
syoeJ} Inesouiq

'
»

‘W 3suXeN

oisseinr eje
sninesnaujebsy

~lnl

‘W4 BYsnueley
ueluoIn| S|PPIN
snoadelal) aleT]
:m_NN_lu—:

—a

‘W4 Bjshuelep
uenyoLseep/ dwe)d
snovdelal) ajeT]

eluojuowpy

il




FIRST OCCURRENCEOF A HADROSAUR FROM THE MATANUSKA FORMATION 101

BACKGROUND AND DISCOVERY diagnostic postcranial elements for identification to the

generic level. Hundreds of invertebrate fossils were
The hadrosaur fossil material was discovered lexcavated along with the bone-bearing concretions.

Virginia May in September 1994. Bone fragments lying Because of high public interest in this discovery, the

in the rubble of a borrow pit led to the discovery dbssil was given a popular name, Lizzie, after Kevin

bone-bearing concretions in the bedrock. Centra Mfay’s 12-yr-old daughter, who contributed many hours

caudal vertebrae and distal elements of the limbs wépethe excavation project.

later found in talus beneath the quarry face. During the

summer of 1995 a quarry of 24 sq m was excavatddDCATION AND

However, the main efforts were concentrated in a 4-sq@EQLOGIC SETTING

guadrant containing a large concretion nearly 1 m long

with bone fragments exposed along its edges. The The privately owned borrow pit is situated in the

alignment of the limb bones suggests that this concretidalkeetna Mountains in south-central Alaska near the

may contain pelvic bones. These would be the md3tenn Highway at about lat 61°52’N and long 147°21'W
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Figure 4.Stratigraphic section of the Lizzie quarry.

at an elevation of 950 m (fig. 1); the exact location texture and mineralogy suggest deposition on a narrow
recorded at the Alaska Museum of Natural History shelf a few miles south of a shoreline to the north.
Anchorage. The nearest city is Glennallen. Particles were rapidly buried and not subject to abrasion
The Mesozoic and Cenozoic sedimentary rocks winnowing by wave action.
underlying this region form an east-west-trending The bone-bearing unit consists of an easily
structural trough about 32 km wide and 112 km longeathered dark-gray marine mudstone that contains
northeast of Anchorage (Grantz, 1964). At the eastdrighly indurated calcareous concretions and finely
margin of the trough Mesozoic rocks lie in an anticlindisseminated pyrite crystals (fig. 4). In outcrop it seems
that plunges to the northeast. The eastern end has ldedlbe massive, lacking primary sedimentary features.
displaced along a north-south-trending fault. The Lizzidowever, fine laminations, possible ripples, and
guarry lies in the Matanuska Formation on the southeastdence of bioturbation are faintly visible on wet fresh
limb of the nose in the displaced part of the anticlirmurfaces. No rip-up clasts, graded beds, or sandstone
(Grantz, 1961a, b). According to Jones and Grantnits suggestive of classic turbidite deposits were noted
(1967) and Jones (1963), the Matanuska Formatianthe site. The unit has been subject to postdepositional
sediments were derived from highlands to the north addformation as indicated by the joint sets, faults,
deposited in a deep, subsiding, narrow trough. Theiecondary deposition of calcite, and degree of induration.
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The beds in the quarry strike north; dip 22°00’ to margin. The Matanuska Formation lies within the
26°50’ east, and are cut by four joint sets. Two of thePeninsular terrane (Grantz, 1964). In their overview of
joint sets are planar and fairly well defined with steepthe tectonic history of Alaska, Plafker and Berg (1994)
dips of 50° to 70°; the other two are poorly definedinclude it in the allochthonous Wrangellia composite
and have undulating surfaces, one dipping steeply (40ferrane (WCT), a long narrow unit parallel to the
to 89°), and one gently (6° to 35°). The latter setsouthern curved shoreline of Alaska that lies between
produces centimeter-scale offsets of the well-definedhe Denali and Border Ranges faults (fig. 2). In both the

planar joints. Hillhouse (1987) and Plafker and Berg (1994) models,
Turonian rock units were deposited prior to the
AGE counterclockwise rotation of southwestern Alaska and

carried northward along the continental margin by

A well-preserved collection of fossil mollusks from oceanic plate motion. However, neither the mid-
the quarry provides a secure Turonian age and marin€retaceous paleolatitude nor the time of accretion of
setting for the bone-bearing unit. The age wasthe WCT have been firmly established. Plafker and Berg
determined by Will P. Elder of the U.S. Geological (1994) place the WCT close to its present latitude by
Survey, who identified 7 species of ammonites, Late Jurassic time and close to its present configuration
6 species of bivalves, and 2 different gastropods. Thén the Turonian. This would make the paleolatitude of
presence of the ammoniduramotocerasstrongly  the Lizzie site very close to the 62nd parallel. Hillhouse
suggests a Middle Turonian age, as this genus is know{1987) places the WCT 25 degrees south of its present
from only two species that occur in Middle Turonian location in Jurassic time with a northward migration,
sequences. This is the first noted occurrence of thisvhich doesn't place the WCT at its present latitude until
unusual heteromorph outside of Japan (MatsumotoPaleocene time (65-55 Ma).
1977). The ammonite genu&ubostrychocerass The position of the WCT relative to the North
known from Japan, Germany, and Madagasgar. American craton is also uncertain. McClelland and
japonicumis Turonian and probably Middle Turonian others (1992) suggest a middle Jurassic time for the
(Matsumoto, 1977). The inoceramids have aaccretion of the WCT to the mainland. However, Plafker
worldwide distribution and are used as guide fossilsand Berg (1994) favor an alternative model and place
for the Late Cretaceous from the Albian through thethe WCT as an offshore fragment during the Aptian-
Maastrichtian (Thiede and Dinkelman, 1977). Campanian interval (120-84 Ma) (fig. 5). If Lizzie can

Other fossils include fish teeth, shark teeth, be shown to have affinities with early hadrosaurs in other
scaphopods, a solitary hexacoral, planktic foramsparts of North America and Asia, a good argument for
trace fossils, toredo-bored wood, and wood fragmentsdocking by Turonian time would be made. If Lizzie is
Both the lithology and the invertebrates of the bone-unique, she could represent an isolated island
bearing unit strongly suggest that the quarry sectiorcommunity. A model for the “Turonian island”
belongs to the lower part of C-1, an informal hypothesis is located in Romania, where one of the most
stratigraphic unit of Turonian age in the lower half of primitive hadrosaurs known was found. Weishampel and
the Matanuska Formation as defined by Jones andthers (1993) suggest that this animal occupied the trans-
Grantz (1967), and Member 4 (Turonian), as definedeuropean archipelago of the Late Cretaceous and that
by Jones (1963) (fig. 3). A comparison of fossils foundthis genus represents a population that was isolated from
in the Lizzie quarry with those in the equivalent units others in the world and highly specialized. It could not
in the Matanuska Formation (Member 4 and C-1) isbe a hadrosaurian ancestor because of its late
shown in table 1. Member 4 is estimated to be abouMaastrichtian age. The taxonomic relationship of Lizzie
120 m thick and contains invertebrate fossils of theto other early hadrosaurs might therefore put additional
Indopacific faunal realm (Jones and Grantz, 1967;constraints on an accretionary model.
Matsumoto, 1988). The age of unit C-1 is based on
the presence of the bivahlepceramusaff. I. cuvieri, THE POSTCRANIAL SKELETAL
and the ammonit®toscaphiteseshioensi¢Jonesand MATERIAL
Grantz, 1967; Jones, 1963).

More than 60 elements of Lizzie's postcranial
PALEOGEOGRAPHY skeleton have been retrieved. Some required little
preparation and some remain fully or partially encased
The paleogeography of the quarry site is somewhatn calcareous mudstone concretions. Axial and
uncertain because of discrepancies between variougppendicular elements recovered in the fall of 1994
models of the accretionary history of the include articulated and isolated vertebrae and parts of
tectonostratigraphic terranes in the southern Alaskaall four limbs. Excavation was resumed during the
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Table 1.Comparison of the fauna of the Lizzie Quarry with that of Member 4 and the Turonian part of unit C-1 of the Matanuska
Formation

MEMBER 4 / UNIT C-1
(Jones, 1963; Jones and Grantz, 1967)

CEPHALOPODS PELECYPODS
Gaudryceras denseplicatum Inoceramafisl. corpulentus
Mesopuzosia indopacifica Inocerameis | concentricus
Neophyllocerasp. juv. Inoceramusaff. I. cuvieri
Scalaritessp. Inoceramus woods

Scaphitexf. S. planusgiges
Sciponoceragff. S. bohemicus
Tetragonitesaff. T. glabrus
Ostoscaphitesp.

“LIZZIE” QUARRY
(Elder, written commun.; Larson, oral commun.)

CEPHALOPODS PELECYPODS
Eubostrychocerasf. japonicum Inoceramusff. |. cuvieri
Gaudrycerasaff. G. denseplicatum Inocerama$. I. hobetsensis
Mesopuzosiaf. M. indopacifica Inoceramusff. I. mamatensis
Muramotocerasff. M. yezoense Inocerama$. |. teshioensis
Sciponocerasp. Acila (Truncacila)sp.
Tetragonitesaff. T. glabrus Nuculasp.
Yezoites puerculus (Otoscaphites teshioensis) Toredo borings in wood
GASTROPODS SCAPHOPODS
Biplica sp.(or similar opisthobranch) Dentaliumsp.
Naticid

ICHNOFOSSILS
CNIDARIANS Planolites(?)
Solitary hexacoral Worm tubes (?)

Bioturbation
PROTISTS
Planktic forams VERTEBRATES
Arenaceous forams Shark teeth
Radiolarians Fish teeth, jaw fragment, scales
Dinoglagellates Hadrosaurian postcranial elements

summer of 1995 to recover a large concretion that maglult of a smaller species. Adult Late Cretaceous
contain pelvic elements. To date, 2 scapulae, 2 humé@drosaurs were considerably larger than Lizzie,
2 ulnae, 1 radius, 6 rib fragments, parts of a femur, tibeayeraging 7 to 10 m in length and 3,000 kg in weight
fibula, astragalus, 5 metatarsals, and 14 pedal phalan@@sishampel and Horner, 1990).

from the appendicular skeleton have been identified

along with 23 caudal centra, 2 chevrons, and a feS@¥YSTEMATICS

centimeters of ossified tendon from the axial skeleton.

They are shown diagrammatically in figure 6. All Class: Reptilia
elements are closely associated and some are articulated. Superorder: Archosauria
No elements are duplicated and the identified bones all Order: Ornithischia
fall within a narrow size range, suggesting they represent Suborder: Ornithopoda
a single individual. Preliminary comparisons with other Family: Hadrosauridae
specimens suggest the animal was a juvenile about 3 m Genus: unknown

long. However, the possibility remains that she was an
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Figure 5.Paleogeography of Alaska during the Aptian-Campanian (120-84 Ma) interval showing a possible
configuration of the Wrangellia Composite Terrane and paleoposition of the Lizzie Quarry. It includes the
Peninsular terrane and Wrangellia terranes (modified from Plafker and Berg, 1994, fig. 5E).

Identification to the family level is based on threPALEOECOLOGIC CONTEXT

nearly complete phalanges (II-1, 11l-1, IV-1) of the right

pes, which were compared with material at the Although dinosaur remains situated in rocks of
University of Alaska Museum in Fairbanks and thgharine origin are unusual, there are numerous reports
Royal Tyrrell Museum of Palaeontology in Albertaof such finds. From a list of 95 individual dinosaurs
Canada. It is not known if this is a hadrosauritbund in marine Upper Cretaceous rocks in North
(noncrested) or lambeosaurid (crested) duckbill. Pelfgnerica, 54 are hadrosaurs and the ratio of
bones or skull, if present, could allow assignment to th@drosaurines (noncrested types) to lambeosaurines
subfamilial and possibly the generic level. (crested types) in this setting is 17:1. About half of these
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Figure 6.Postcranial skeletal elements retrieved from Lizzie to date (modified from Norman, 1985, p. 118-119).

hadrosaurs are young or juvenile individuals (Hornesuggest that the invertebrates could not have been
1979; Fiorillo, 1990). Nearly all were found articulatedeworked. The proximity of the hadrosaur bones to each
and in one case the animal was entombed in skin. Lizziether implies that they were not disturbed a great deal
skin and soft tissue may have controlled the formatidty scavengers. The occurrence of pyrite suggests the
of the concretions. organisms were buried in an anoxic environment. The
Deposition in a middle to outer shelf or upper bathy&dck of oxygen, low temperatures, and lack of scavengers
environment below wave base appears to be suggegisaided excellent conditions for preservation.
by the invertebrate assemblage, which is dominated by Whether the fossil assemblage represents a living
ammonites and inoceramid bivalves. The thin-shelledsemblage that can be used for the reconstruction of
heteromorphic ammonites were probably inhabitants gffecific paleoecologic conditions is an open question.
the outer shelf (36 -183 m) (Tasch, 1973). Inoceramiditie muddy substrate may have been unstable and subject
are thought to have inhabited a wide range of deptlssubmarine slides and slumps. Elder (written commun.)
but seem to be confined to the upper bathyal and neritates that transport of delicate and complete shells in
environments close to continental or island margitkis type of environment is very common. The
(Thiede and Dinkelman, 1977). The lack of heavyrganisms, whether transported or not, show some
shelled, shallow-water pelecypods also suggests an oateological affinities to each other. Ecological
neritic zone or deeper water location for the quarigterpretation is confounded by the possibility that
(Jones, 1963). ammonite shells can float long distances after death. This
The density of the invertebrates suggests that tiay be true for pelagic genera with normal planispiral
was an environment where organisms were either vestyells such abesopuzosiabut it may not be true for
rare or arrived only after death. The preservatidhe heteromorphs. In their recent paper, Seilacher and
suggests rapid burial. The shells lack signs dafibarbera (1995) suggest that the septum closing off
postmortem biological activity such as borings ahe living chamber of heteromorph ammonites was not
encrustations. They show no signs of abrasion, acalcified and that it decomposed with other soft parts,
broken surfaces are fresh. Some are nearly whole dnds limiting the drift of the shell. A benthic mode of
undeformed, whereas others are fragmented, crushédd,that has been suggested for heteromorphs of this
and greatly compressed. The orientation of the larggpe would also have placed limits on the distance of
planar valves (up to 20 cm in diameter) in the quartyansport after death. Obviously heteromorph
was always parallel to bedding. The lack of abrasianorphology is not conducive to a pelagic mode of life
and the recovery of fragile heteromorph ammonitesquiring the rapid locomotion of a predator. Matsumoto
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(1977) suggests th&ubostrychoceraswith its open Horner, 1990). However, hadrosaurs from pre-
coiling, was not adapted for rapid swimming but for @ampanian rocks are quite rare. In their summary of
benthic lifestyle and may even have been partihown hadrosaurs, Weishampel and Horner (1990) list
embedded in the substrate. The spinose flared ribs4@f taxa. Of these, 35 species are Campanian-
the shell may have been used to stabilize the animaMaastrichtian. Of the seven taxa older than that, the ages
it sat on the bottom. Ammonites were thought to live iof five are uncertain. Until recently, there were almost
marine vegetation or on a loose clay mud substrate well-dated hadrosaurs of early Late Cretaceous age.
(Tasch, 1973). Seilacher and Labarbera (1995) suggsstv, however, early hadrosaurs are known from at least
the helical coil may have been covered by living tissugne sites in Asia and North America (table 2).
or another organism such as a sponge. They also sug§gstematic study of these new specimens may show
that heteromorph ammonites were “Cartesian diversVolutionary relationships between these widely
living as suspension feeders rather than active predateeparated fossils. Hadrosaurs are thought to have
such as nautiloids. Their arms made up a delicate fil@rolved in Asia from iguanodontids and spread to
fan that removed small particles from the water moEeurope and North America (Weishampel and Horner,
analogous to the feeding behavior of graptolites.  1990). Work from the recent Sino-Canadian Dinosaur
The most abundant bivalves in the borrow pit aferoject showed there are striking similarities between
inoceramids, an extinct group of bivalves thought to tibe dinosaur faunas of Asia and North America (Currie,
related to modern oysters. An important guide fossil f&995). Lizzie provides a geographic link between Asia
the Late Cretaceous, they were benthic with largand North America for these faunas during the Turonian.
relatively flat shells typical of species on soft, muddBecause she is younger than most iguanodontids and
substrates. They are characterized by large robust valeleler than most hadrosaurines, Lizzie should contribute
with lengths that can exceed 27 mm and thicknessesdmthe understanding of the relationship between these
2 to 3 mm. The shells have multiple ligamental pitsyo groups.
which provided anchorage for threadlike ligaments that
attached it to the substrate. They are comm@ONCLUSIONS
constituents of dark-gray calcareous laminated
mudstones, which indicate reducing conditions below Lizzie is the first hadrosaur to be found in south-
the sediment-water interface (Thiede and Dinkelmagentral Alaska and one of the earliest hadrosaurs known
1977). They were probably filter feeders living belovin the world. This fossil has the potential to contribute
wave base, which harbored chemosynthetic symbiomtsour understanding of the timing and direction of the
to supplement their diet (MacLeod and Hoppe, 19923pread of this group of ornithopods and of the
Nucula represented by several specimens, isexolutionary relationships between hadrosaurids and
ubiquitous genus of an infaunal detritus feeder ofteéheir iguanodontid ancestors. This discovery may also
found in organic muds. It is an important component bglp place constraints on the timing of the docking of
ancient and modern deep-water communities. It tke Wrangellia composite terrane with the North
indicative of a low-diversity assemblage in a soft, wateAmerican craton. Future work will include micro-
saturated substrate, rich in organic matter with abundasteological and systematic analysis of the postcranial
hydrogen sulfide somewhat depleted in oxygen. Nirs&eleton to determine this hadrosaur’s developmental
typical extant deep-water species live below bottoatage and its affinities to known genera.
waters with temperatures from 2.3°C to 9.2°C
(Kauffman, 1976). ACKNOWLEDGMENTS
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Table 2.Earliest Hadrosaur localities

Location
Eastern Mongolia,
People’s Republic
of China

Kurile Islands
Russia

Central
Kazakhstan

Southern
Kazakhstan

Italy

Alaska

Central
Honduras

Texas

Utah

Stratigraphic unit

Iren Dabasu

Fm.

Miho Group

Beleutinskaya Fm.

Darbazinskaya Fm.

Borgo Grotta Gigante
Member of
“Trieste Karst Fm.”

Matanuska Fm.

Valle de Angeles
Group

Woodbine Fm.

Cedar Mountain
Fm.

Age
Early Senonian
(may be as young
as Campanian)

Early Santonian
or late Conacian

Santonian-
Turonian (?)

Conacian-
Santonian (?)

Turonian

Middle
Turonian

Cenomanian (?)

Cenomanian

Albian-Cenomanian
Boundary

Material
Two genera, over a
thousand elements
Skull, postcranial

material, juvenile

Hadrosaurine
skull

Lambeosaurine
portion of a skull

Postcranial
elements of
one individual

Over 60 postcranial

elements of one
individual

Femur (iguanodontid

or hadrosaurid)

Skull, postcranial

bone fragments

Skull, teeth

Source
Currie and
Eberth (1993)
Weishampel and

Horner (1990)

Rozhdestvinskii
(1968)

Rozhdestvinskii
(1968)

Brazzatti and

Calligaris (1995)

Pasch and May
(1995)

Horne (1994)

Jacobs (1995)

Kirkland (1994)

Survey, David Stone of the University of Alaska Formation (Upper Cretaceous), Inner Mongolia,
Fairbanks, Jim Kirkland of Dinamation, Sabra Reid of People’s Republic of China: Cretaceous Research,

the Alaska Museum of Natural History, Jack Miller of

v. 14, p. 127-144.

MB Construction, Pat Murray, and the members of tﬁéorillo, A.R., 1990, The first occurrence of hadrosaur

Kevin May family. We also thank David Gillette for his
encouragement and Jim Clough and an anonymous
reviewer, who suggested important revisions. Lastly,
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Vertebrate Paleontology, v. 10, no. 4, p. 515-517.
V\’ﬁangloﬁ, R.A., 1995Edmontoniasp., the first record of an

thank the Dinosaur Society, the Eagle River Parks and ankylosaur from Alaska: Journal of Vertebrate

Recreation Board, and the Joe Kapella Memorial Fund paleontology, v. 15, no.1, p. 195-200.

for grants and the University of Alaska Anchoragesrantz, Arthur, 1961a, Geologic map and cross sections of
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PETROGRAPHY OF THE TINGMERKPUK SANDSTONE
(NEOCOMIAN), NORTHWESTERN BROOKS RANGE, ALASKA:
A PRELIMINARY STUDY

by
Rocky R. Reifenstuhl,! Michael D. Wilson,2 and Charles G. Mull!

ABSTRACT

The Tingmerkpuk Sandstone (Neocomian) in the northwestern Brooks Range consists of texturally and
compositionally mature, very fine to medium-grained quartz arenite, interbedded with clay-shale. At its
type locality on Tingmerkpuk Mountain in the western DeLong Mountains, the Tingmerkpuk is 130 m
thick and consists of about 60 percent net sand with sandstone beds up to 3.5 m thick in amalgamated
horizons up to 7 m thick. It crops out in imbricate thrust sheets along a 80-km-long belt in the DeLong
Mountains and Misheguk Mountain Quadrangles (1:250,000) in the western Brooks Range. The coeval
Kuparuk River Formation of the upper part of the Ellesmerian (or Beaufortian) sequence, occurs to the
northeast in the Tunalik #1 well in the western part of the National Petroleum Reserve in Alaska (NPRA)
and to the northwest in the Burger #1 and Klondike #1 wells in the Chukchi Sea, where it is hydrocarbon
bearing. This suggests that subsurface equivalents of the Tingmerkpuk Sandstone may be a potential hy-
drocarbon exploration play in the western part of the Arctic Slope of northern Alaska. Petrographic exami-
nation of 13 thin sections of outcrop samples shows that the Tingmerkpuk consists of 96 percent quartzose
grains (86 percent monocrystalline quartz, 6 percent polycrystalline quartz, 4 percent chert), 2.5 percent
lithic grains including glauconite, non-glauconite clay pellets and white mica, 1 percent feldspar, and
traces of phyllite, micaceous quartzite, carbonate, and locally volcanic rock fragments. Dead oil is present
in one of the samples. The framework grains are similar to those in the Tunalik #1 well. Porosity is low and
ranges from zero to 4.3 percent because of carbonate cement and quartz overgrowths and compaction.
Secondary porosity is minor and occurs in plagioclase and chert grains. Unweathered glauconite and clay
rims on quartzose grains suggest a generally low-energy environment of deposition. Provenance indicators
suggest that the sand grains are second- or third-cycle sediments derived from low-chert pre-Mississippian
rocks of the Franklinian sequence, which locally included volcanic rocks.

INTRODUCTION

This petrographic examination of the TingmerkpuRange; this study included detailed mapping of the
Sandstone includes point-count data from 14 thoutcrop belt of the Tingmerkpuk and adjacent rocks at a
sections of the Tingmerkpuk Sandstone in the DeLosgale of 1:63,360, measurement of stratigraphic sections,
Mountains and Misheguk Mountain 1:250,00@nd paleontological and geochemical studies (Crowder
guadrangles (fig. 1). Six of the thin sections are froand others, 1994; Mickey and others, 1995; Mull, 1995).
sandstone beds in a 130-m-thick measured sectionfomore extensive discussion of the petrography of the
Tingmerkpuk Mountain (Crowder and others, 1994) argtookian sandstones from the northwestern Delong
three thin sections are from the Tingmerkpuk on Mountains is given by Wartes and Reifenstuhl (1997,
structurally higher thrust sheet (table Ajlditional thin  this volume).
sections were examined from the Tingmerkpuk at other Thin sections were impregnated with blue-dye epoxy
localities, including llingnorak Ridge, 40 km east ofo highlight porosity and stained for calcite, but were
Tingmerkpuk Mountain, and from Thetis Creek, 90 kmot stained for potassium feldspar. For modal analyses,
west of the Tingmerkpuk Mountain area. One sandstoB@0 grains were counted per thin section for eight of the
from the lower part of the Brookian sequence just abosections, and 120 grains counted per section on the
the top of the Tingmerkpuk Sandstone was also analyzedhaining seven of the sections. In the discussions that
for comparison with the Tingmerkpuk. follow, the framework grain compositions are reported

The samples were collected as part of a Alaska percentages of the total framework fraction, whereas
Division of Geological & Geophysical Surveys studyhe figures for porosity and pore-filling material
of the Neocomian rocks of the northwestern Brookepresent percentages of the total rock.

1Alaska Division of Geological & Geophysical Surveys, 794 University Avenue, Suite 200, Fairbanks, Alaska 99709-3645.
2Consultant, 674 Tamarac Drive, Golden, Colorado 80401.
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Figure 1.Location map of samples and geographic localities discussed in text.

REGIONAL GEOLOGY Detailed mapping in the course of the current
studies of the Neocomian has delineated two discrete

The Tingmerkpuk Sandstone crops out in thrugicies belts of Tingmerkpuk in the Tingmerkpuk
sheets along an 80-km-long trend in the northwestdviountain area. Between the Kukpowruk and
DelLong Mountains of the Brooks Range fold and thru$ingmerkpuk Rivers, thick Tingmerkpuk Sandstones
belt (fig. 2). The Tingmerkpuk on these thrust sheetstisat form conspicuous linear ridges in the northern
typically underlain by the Jurassic to Neocomian Kinggtart of the outcrop belt are overlain by thrust sheets
Shale and overlain by upper Neocomian lower Brookiahat contain petrographically similar, but more distal,
shales that grade upward into the Mount Kellfiner grained and more thinly bedded facies of the
Graywacke Tongue of the Fortress Mountain Formatidingmerkpuk.
of Aptian to Albian(?) age (Mull, 1985) (fig. 3). The Paleontologic data (Mickey and others, 1995; Mull,
Tingmerkpuk is similar to other Neocomian sandston@995) suggest that the Tingmerkpuk Sandstone straddles
of the upper part of the Ellesmerian (or Beaufortiamhe time interval of the Lower Cretaceous unconformity
sequence, such as the Kuparuk River Formation, RUCU). The lower part of the Tingmerkpuk contains
River sandstone, and Pt. Thomson sandstone in gelecypods, foraminifera, and palynomorphs of
subsurface of the Arctic Slope, and the Kemik Sandstovalanginian age, whereas shale in the upper part of the
in surface exposures of the Arctic National WildlifeTingmerkpuk contains abundant palynomorphs
Refuge in the northeastern Brooks Range. All these urttsaracteristic of the Hauterivian to Barremian rocks that
contain similar quartz-rich sandstone derived from @verlie the LCU in the subsurface of the Arctic Slope
northern source and deposited in shallow shelf settin¢fdlickey and others, 1995). However, no unconformity
However, unlike these other Neocomian sandstones, ihevident within the Tingmerkpuk.

Tingmerkpuk was deposited in a deeper setting, either Geochemical analyses indicate that the shales
as storm deposits on a deeper part of the shelf or off thterbedded with the Tingmerkpuk as well as the
shelf as turbidites (Crowder and others, 1994). underlying Kingak Shale and at least the lower part of
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Sampleé? Location
93RKC22-153.1 Tingmerkpuk Mountain
measured section

93RKC22-136A Tingmerkpuk Mountain

measured section

93RKC22-119A Tingmerkpuk Mountain

measured section

93RKC22-87 Tingmerkpuk Mountain

measured section

93RKC22-64A  Tingmerkpuk Mountain

measured section

Formation

Tingmerkpuk Sandstone

Tingmerkpuk Sandstone

Tingmerkpuk Sandstone

Tingmerkpuk Sandstone

Tingmerkpuk Sandstone

Comments

Sandstone 117 m above base of
Tingmerkpuk Sandstone

Sandstone 100 m above base of
Tingmerkpuk Sandstone

Sandstone 83 m above base of
Tingmerkpuk Sandstone

Sandstone 51 m above base of
Tingmerkpuk Sandstone

Sandstone 28 m above base of
Tingmerkpuk Sandstone

93RR73A-1 Tingmerkpuk Mountain Tingmerkpuk Sandstone Basal sandstone of
measured section Tingmerkpuk Sandstone
93Mu84-3 Tingmerkpuk Mountain Tingmerkpuk Sandstone, Tingmerkpuk Sandstone, thin-bedded,
thin-bedded facies southern facies on overlying thrust sheet
93Mu86 Eagle Creek Tingmerkpuk Sandstone, Tingmerkpuk Sandstone, thin-bedded,
thin-bedded facies southern facies on overlying thrust sheet
94RR52A Tingmerkpuk River Tingmerkpuk Sandstone, Tingmerkpuk Sandstone, thin-bedded,
thin-bedded facies southern facies on overlying thrust sheet
94RR74B llingnorak Ridge Tingmerkpuk Sandstone Eastern end of Tingmerkpuk Sandstone
outcrop belt, gradationally overlies
coquinoid limestone
94RR60D Kokolik River Tingmerkpuk Sandstone Thin-bedded, fine-grained; contains glauconite
94RR75A Thetis Creek tributary Tingmerkpuk Sandstone Carbonate in matrix; coquinoid limestone
down(?) section
94RR76A Thetis Creek Tingmerkpuk Sandstone Western end of Neocomian outcrop belt,
isolated exposure of Tingmerkpuk Sandstone
94RR76B Thetis Creek Tingmerkpuk Sandstone Western end of Neocomian outcrop belt,
isolated exposure of Tingmerkpuk Sandstone
93Mu931B South side of

Tingmerkpuk Mountain Brookian sandstone Thin bedded sandstone in lower part of

Brookian sequence

8RKC = R.K. Crowder, RR = R.R. Reifenstuhl, Mu = C.G. Mull.

the overlying Brookian shales are potential hydrocarbdmom several Tingmerkpuk localities in the thrust belt
source rocks with up to 1.8 percent total organic carbordicate major uplift and cooling at about 50-60 Ma,
(TOC). In the Tingmerkpuk Mountain area these rockellowed by minor uplift later in the Tertiary (J.M.
are thermally overmature for liquid hydrocarbons ardurphy, unpublished data). These ages are compatible
yield vitrinite reflectance values of up to 1.57 percentith other data from the Brooks Range mountain front
Ro (Dow and Talukdar, 1995; Mull, 1995). Howevenvhich indicate a regional cooling episode at about 60 Ma
coeval source rocks in the Surprise Creek area north(Efurphy and others, 1994; O’Sullivan, 1994).
the Tingmerkpuk outcrop belt are thermally mature and Current geological studies began with a regional
have vitrinite reflectance values of 0.7 percent to Oftamework of geological mapping and stratigraphic
percent Ro. studies by Chapman and Sable (1960), R.C. Crane and
Stratigraphic data indicate orogenesis in the westesthers (unpub. data, 1981), Mayfield and others (1988),
Brooks Range throughout the Aptian, Albian, andnd Curtis and others (1990).
Cenomanian (115 to 90 Ma). Apatite fission-track data
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PETROLOGY QUARTZOSE COMPONENTS
Quartzose components average 95 percent of the
FRAMEWORK MINERALOGY framework grains and range from 84 percent to

The Tingmerkpuk Sandstone consists mostly a0 percent (fig. 5). These consist dominantly of
monocrystalline quartz, with lesser amounts ahonocrystalline quartz, with lesser amounts of
polycrystalline quartz, chert, plagioclase, carbonatpolycrystalline quartz and chert. Monocrystalline quartz
white mica, and clay pellets. Average framework grairanges from 68 percent to 91 percent and averages
percentages for the Tingmerkpuk are shown on figure82 percent of the framework grains; nondescript
and the modal compositions of individual samples apwlycrystalline quartz and traces of stretched
compared in the triangular QFL (quartz-feldspar-lithig)olycrystalline quartz range up to 18 percent and average
plot of figure 5. 10 percent of the framework grains (fig. 4). The

monocrystalline grains are relatively free of lines of

inclusions and strain lamellae. Although most grains
display straight or very slight wavy
extinction, a significant number of
grains display strong wavy extinction
(>5°), which was probably produced in
situ by folding or faulting. A high

g & percentage of the polycrystalline quartz
S gggaiﬂ ON grains contain from two to five subunits.
z Chert is a minor constituent ranging
’5 from 1.5 to 6.1 percent and an average
o of 4 percent of the framework grains.
Z The chert grains are structureless except
> for inclusions of small blebs or rhombs
S MOUNT KELLY g of carbonate. Exceptions are one highly
= ('I?SQCY;\L/JVEA(S’IEETHE = elongate grain in sample 93Mu84-3,
ol < FORTRESS MOUNTAIN % which may be a sponge spicule, and
2 (e} . .
3 FORMATION 3 grains in samples 93RKC22-119A and
o) & 93RKC22-64A, which contain circular
= voids that may be sponge spicules or
& -~ radiolarians. Also grouped with the
or’ EOR\(/)\/(EEI AN quartzose components are trace amounts
SHALE of brown phosphatic ovules (featureless
- grains) and stable heavy minerals:
z o) zircon, rutile, and green-brown and
zr z colorless tourmaline.
Q . TINGMERKPUK 5
i . SANDSTONE % FELDSPARS
= Plagioclase is the only feldspar
E observed in the Tingmerkpuk, and
o ranges from a trace to 5 percent of the
— 7 — KINGAK g framework grains, with an average of
% SHALE N, 2 percent. Most plagioclase grains are
2] = unaltered and exhibit albite twinning;
% é a few are slightly sericitized, and some
- & may be partially albitized. In a few
a2 = samples (for example, 93RKC22-
a @ ETIVLUK w 119A), some of the plagioclase grains
%E GROUP m are partially dissolved and have

collapsed, leaving an irregular
arrangement of disoriented elongate

] _ _ _ ] fragments.
Figure 3.Generalized stratigraphic column of rocks in thrust sheets of

northwestern DeLong Mountains, modified from Mull (1995).
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TINGMERKPUK PETROLOGY
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Figure 4. Histogram summarizing composition of framework grains in Tingmerkpuk Sandstone showing maximum,
minimum, and average values for seven grain types. Monoqtz—monocrystalline quartz; Polyqtz—polycrystalline quartz;
Chert—chert grains; Plag—plagioclase feldspar; Carbnt—limestone~+dolomite grains; W.M.—white mica and muscovite,
Claypel—glauconitic and nonglauconitic clay pellets.

Quartz
(includes chert)

Quartzarenite
90%

Subarkose Sublitharenite
Number of samples = 14
@ Tingmerkpuk sandstone 75%

M Brookian sandstone

Lithic Arkose
arkose Litharenite

Litharenite

AV4 AY4 AV

AV
(modified from Folk, 1968) Lithic

Feldspar

Figure 5. Triangular quartz-feldspar-lithic (OFL) plot displaying framework compositions of 13 Tingmerkpuk sandstones and
one Brookian sandstone. Plot is modified from Folk (1968) QFL plot, with lower quartzarenite boundary placed at 90
percent rather than 95 percent quartzose components, and chert included with the quartzose rather than lithic components.
Most of the Tingmerkpuk samples lie in the quartzarenite field; three samples from Thetis Creek and Ilingnorak Ridge lie
in the sublitharenite field.
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LITHIC GRAINS

Lithic grains in most of the Tingmerkpuk range
from 0 to 7.9 percent and average 1.8 percent of the
framework grains (fig. 5). An exception is an outcrop
from Thetis Creek at the west end of the outcrop
belt (samples 94RR76A, 76B), which contains up to
17 percent lithic grains. Ductile grains compose the
bulk of the lithic fraction in most of the Tingmerkpuk,
with carbonate fragments constituting the rest in three
samples—93RKC22-64A, 94RR74B, and 94RR76B.
The latter two localities have significantly more and
different lithic grains than all remaining samples;
these differences show well in a plot of total quartz
vs chert/chert+lithics. This graphically accentuates
lithic variability in the sample group (fig. 6). Sample
94RR74-B from Ilingnorak Ridge, at the east end of
the outcrop belt, directly overlies a thin limestone
coquina bed and contains pelecypod shell material.
Compared to the Tingmerkpuk from other localities, the
Thetis Creek locality at the west end of the Neocomian
outcrop belt (94RR76A, 76B) contains an anomalously
high 17 percent lithic grains. These consist of 6 percent
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chert, 7 percent carbonate, and 3 percent volcanic rock
fragments, which were the only volcanic grains observed
in the Tingmerkpuk.

The carbonate grains in sample 93RKC22-64A from
Tingmerkpuk Mountain consist of detrital dolomite
and possible detrital calcitic fragments that may be
replacement of plagioclase. Partial calcitic replacements
of plagioclase are present in this sample, and some
calcitic material that might normally be counted
as detrital calcitic fragments locally covers quartz
overgrowths and thus is at least partially authigenic.
There are no indications, either in grain geometries or
internal structures, that the calcitic fragments in this
sample represent fossil debris. The basal sandstone
(94RR73A-1) from the Tingmerkpuk Mountain
measured section contains 6.5 percent carbonate grains,
also of unknown affinity (Wartes and Reifenstuhl,
1997; this volume). The carbonate fragments in sample
94RR74B from Ilingnorak Ridge are clearly fossil
debris, as noted above, whereas the carbonate in sample
94RR76B is of unknown affinity.

Ductile grains occur in minor amounts ranging from

TINGMERKPUK SANDSTONE PETROGRAPHY
] Total quartz versus chert/chert+lithics ~
93RKC22-87
93MU84-3
0.9+
93RKC22-64A ¢
0.8+
93MUS6 o
07+
[]
(2]
£
£ 061 @ 93RKC22-153.1
k=4
@
S
£ 051 94RR52A ¢ @ 94RR75A *
2 93RKC22-119A/
S 4 94RR76B 93RKC22-136A
S 04+
L
S & 94RR76A
03+
@ 94RR74B
94RR60D ¢
02+
0.1 1
0 t + t + t+ t t t t
85 86 87 88 89 90 91 92 93 94 95
Percentage total quartz

Figure 6. Plot of total quartz vs chert/chert+lithic rock fragments for 13 Tingmerkpuk Sandstone samples. Plot accentuates
nonchert lithic variability between samples from Ilingnorak Ridge (94RR 74B) and Thetis Creek (94RR 76A and (94RR 76B),
one of which contains relatively more abundant lithic grains than other Tingmerkpuk samples and is the only Tingmerkpuk
sample with volcanic rock fragments. Samples from southern fine-grained facies belt (93Mu 84-3, 93Mu 86, 94RR 52A4)
show no significance difference from remaining samples of Tingmerkpuk Sandstone.
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0 to 2.4 percent with an average of 0.7 percent, aig base), to 0.16 mm in a sample at 116.1 m.

consist almost entirely of muscovite and glauconitic and The sands are well sorted and there is no significant
nonglauconitic clay pellets. The glauconite pellets ax@riation in sorting with stratigraphic position. Grain
grass green, yellow green, or olive green; most pelleshericity and rounding are difficult to estimate because
are extensively deformed. Trace amounts of pale-browh the moderate to extensive grain suturing
nonglauconitic pellets are also present. Traces of phyll{iaterpenetration) that has affected most samples;
and rare chlorite occur locally, as do opaque healgwever, grains not significantly modified by suturing
minerals. A few opaque grains, now altered to iron oxidase highly rounded (fig. 7). Moderate alignment of
or iron hydroxides, are probably weathered pyrite @ongate quartz grains and muscovite flakes is evident

magnetite grains. in most samples. Although elongated quartz grains are

common in the Tingmerkpuk Sandstone, similar grains
TEXTURAL PROPERTIES are rare in coeval sandstone in the Tunalik #1 well (M.D.
GRAIN SIZE AND SORTING Wilson, unpublished data) .

The Tingmerkpuk Sandstone is dominantly very fine
to fine grained. Estimated grain size averages in the tihAY RIMS
sections examined reveal 10 upper very fine grained or Pale-green clay rims are present on the quartz grains
lower fine grained sandstones (0.12 to 0.17 mm) aimd most of the thin sections (fig. 7). The rim
four fine- to medium-grained sandstones (<0.5 mm). inorphologies suggest that they were probably present
the measured section on Tingmerkpuk Mountain, mean the framework grains at the time of deposition
grain size increases upward from 0.12 to 0.13 mm (Wilson, 1992). The rims are best developed in samples
the lower part of the section (at 27 m and 50 m abo98RKC22-64A and 93Mu84-3, where they are locally

Figure 7.Photomicrographs of fine-grained to
very fine grained Tingmerkpuk Sandstone.
A—crossed nicols. B—plane light.
Photomicrographs show abundance of well-
rounded, clay-rimmed monocrystalline and
polycrystalline quartz framework grains.
Grains show moderate to extensive grain
suturing. Porosity is less than 4 percent due
to quartz overgrowths, carbonate cement,
and compaction. Bottom of photos are
0.7 mm long.
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up to 0.001 to 0.002 mm thick. Although most of th®ther samples, such as 93RKC22-87 and 93Mu86, have
rims were probably relatively complete coats whegither extensive carbonate cement or thick clay rims.
formed, they appear to have been partially removed biiese clay rims have severely inhibited development
abrasion during transport and appear to decreaseofnquartz overgrowths and have promoted extensive
thickness and abundance upward in the Tingmerkpgkain suturing and infilling of pores by carbonate. In
Mountain measured section. The clay rims armddition, some of the intergranular porosity has been
interpreted to be inherited rims on the basis of thenhanced by trace amounts of dissolution of some
irregular thickness, commonly greater thickness in grgitagioclase and chert grains (samples 93RKC22-119A,
embayments, and local occurrence at points of graBBRKC22-136). Whether this dissolution is a result of
to-grain contact. subsurface processes or surface weathering of the
Clay rims are probably formed during bioturbatioplagioclase and chert is unknown. Dissolution observed
of the sands in a marine shelf environment, but the samples with minor intergranular porosity may
alternatively, some clay rim coatings may represebé the result of surface weathering.
syndepositional rims generated in relatively shallow
water in close proximity to a major deltaic river systetlECHANISMS OF POROSITY REDUCTION
(Ehrenberg, 1993). The pale-greenish coloration The major mechanism of porosity reduction is
suggests that they may originally have been partiallyessure-solution suturing due to compaction in all but
glauconitized, but they now probably consist largely @ine Tingmerkpuk sample. Four samples record porosity
illitic clays. An illitic composition for these inheritedloss of 18 to 22 percent due to compaction. Porosity
clay rims is suggested by the stronger yellowidbss by compaction is calculated by subtracting present
birefringence (93RKC 22-119A, 93RKC 22-153.1). lintergranular volumes (determined from point-count
other intervals, the rims may have been partially alterddta) from stabilized initial porosities estimated by using
to, or replaced by, chlorite (93RKC22-64A, 93Mu86) size-sorting-porosity relationship generated from the
However, because of grain suturing and compactidata of Beard and Weyl (1973). The calculated values
deformation of rims, it is commonly difficult to are not corrected for changes in bulk volume during
differentiate these rims from detrital matrix clays. In oneompaction. The calculated stabilized initial porosities
sample (93RKC 22-87), few clay rims were recogniza@present approximate porosities at shallow depth (about
because of masking by abundant siderite and hemati@®® to 300 m) in relatively quartzose sandstones with
cements. A brown color of the clay rims in anotherxtensive grain rearrangement. With additional burial,

sample (93Mu84-3) is due to dead-oil stain. further grain rearrangement generally destroys an
additional 5 to 6 percent of the porosity, but this occurs
POROSITY slowly over the next few thousand meters of burial.

Visible porosity is very low to nil in the thin sections One sample from Tingmerkpuk Mountain
from outcrop samples examined in this study, and ran@8RKC22-87) contains abundant siderite (27 percent)
from 0 to 4.3 percent (fig. 7). However, because of loand hematite (11.7 percent) cements and has a calculated
permeability, the blue-dye epoxy may not havporosity loss of -1.8 percent due to compaction. This
penetrated throughout the sandstone. On the basisiefative porosity loss implies cementation at a very early
both this and comparison with previous microscope asthge of diagenesis, probably at a very shallow depth
laboratory studies of similar sandstone, our visiblgess than 100 m) prior to normal framework
porosity estimates from point counts are almost certairdtabilization. Much of the hematite in this sample
on the low side, possibly by as much as 4
to 6 percent.

Measured porosities of five samples
from the Tingmerkpuk Mountain measured  sample Distance above % porosity Permeability
section are tabulated in table 2. formation base (m) (Helium) (MD)

Samples with visible porosity in thin
section in the Tingmerkpuk Mountain

Table 2.Measured porosities from the Tingmerkpuk Mountain

section (93RKC22-64A, 93RKC22- gggig ggﬁgg 132 ﬁg gig
119A, 93RKC22-136A) have thin, partial 93RKG 221108 - 11:3 0:32

to complete clay rims. These rims are 93RKG 27-86B 50 116 017
complete enough to prevent total gapkc 22648 28 79 0.02
cementation by quartz overgrowths but
not thick enough to have filled a
significant amount of the pore network.

Analyses by Core Laboratories, Inc.
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exhibits rhombic outlines and is interpreted as a surfacarergrowths (7 percent), and minor dead oil
weathering residue of siderite, inasmuch as the hemat8er percent). Loss of porosity due to compaction in this
is concentrated as a rind along one side of the thiample is limited by the fact that the inherited clay rims,
section. although quite thick, are discontinuous and are

Quartz overgrowths are present in minor amount®mmonly absent at points of grain-to-grain contact.
in most samples of the Tingmerkpuk and range froBample 93Mu86 contains abundant carbonate cement,
0 to 8.7 percent of the rock volume, with an avera@eercent pore-filling quartz overgrowths, and >1 percent
of 4.9 percent. Clay rims have extensively inhibitedead oil. Carbonate cementation at moderate depths of
overgrowth development in samples where rims aberial has apparently significantly limited the extent of
relatively complete (for example 93RKC22-64Aporosity loss.
93RKC22-119A, 93Mu86). Overgrowth abundance The absence of alteration of muscovite or plagioclase
is inversely proportional to a combination of contertb kaolinite in any of the sandstones indicates that these
of clay rims, carbonate cement (including thagamples were not subjected to extensive meteoric water
replaced by hematite in sample 93RKC22-87), amtliring either early burial or outcrop weathering, or to
matrix (fig. 8). acidic waters during later stages of burial.

Two sandstone samples from the southern facies belt The low visible and measured porosity, locally
of the Tingmerkpuk have significantly lower loss ofxtensive plastic deformation, grain-to-grain suturing,
porosity due to compaction than those from the northesind extensive loss of porosity due to compaction of the
facies belt. The sand in sample 93Mu84-3, which hagmgmerkpuk Sandstone suggest exposure to high
calculated porosity loss of 10.6 percent, contaimsessure and temperature. Such conditions are expected
abundant clay rims (15.7 percent), moderate quaitzthe deeply buried and highly deformed northwest

QUARTZ CEMENT/MATRIX+CLAY RIMS+CARBONATE CEMENT, TINGMERKPUK
SANDSTONES

& 93MU86
& 93MU84-3

~
L
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& 93RKC22-153.1

(<]
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N
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Figure 8.Plot of quartz overgrowths (percent of total rock volume) vs matrix+clay rims+carbonate cement (percent of total
rock volume) showing strong inverse relationship between quartz overgrowths and abundance of clay rims, matrix, and
early carbonate cement for seven Tingmerkpuk Sandstone samples. Matrix, clay rims, and carbonate cement combine to
severely limit quartz overgrowth content. In sample 93RKC 22-87 (lower right), hematite is a weathering product of early
diagenetic siderite and included with carbonate cements. Although limitation of quartz overgrowths is beneficial for
preservation of reservoir quality, samples with lower amounts of quartz overgrowths instead have abundant carbonate
matrix or have encountered extensive pressure-solution suturing.
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Brooks Range fold and thrust belt and may not mvironment characterized by a low rates of
representative of conditions in the subsurface of tkedimentation and abundant bioturbation is unlikely for
Colville Basin, where the rocks have been subjected otthe Tingmerkpuk.

to sedimentary burial and have not encountered tectonic

deformation and burial due to imbrication of thrusCOMPARISON OF TINGMERKPUK

sheets. Improved reservoir quality can be expected gaANDSTONE IN NORTHERN AND

areas in which one or more of the following Condition§OUTHERN FACIES BELTS
may exist:

(a) Areas of reduced sedimentological or Mapping of the Tingmerkpuk at a scale of 1:63,360
tectonic burial, in which the residence time has revealed the presence of two parallel belts of thrust
of exposure to elevated temperature or sheets of Tingmerkpuk between the Kukpowruk and

pressure is significantly reduced. Tingmerkpuk Rivers (figs. 1, 2). These two belts contain
(b) Areas of early migration of hydrocarbons the same stratigraphic sequence of Triassic Otuk
into the sandstones. Formation overlain by Kingak Shale, Tingmerkpuk

(c) Areas in which thin and complete clay rims  Sandstone, and Brookian shale, but are characterized
have completely inhibited development of by a marked contrast in bed thickness and, to a lesser
quartz overgrowths without significant  extent, by average grain size in the Tingmerkpuk. The
cementation by other mechanisms of northern belt, which contains the 130 m-thick
porosity reduction. Tingmerkpuk Mountain measured section (Crowder and

(d) Areas in which sandstones were extensively others, 1994), forms high, resistant rubble-covered
cemented during early diagenesis and in ridges formed by thick-bedded units of Tingmerkpuk.
which most or all of this cement has The Tingmerkpuk in the southern belt, which structurally
subsequently been removed by dissolution overlies the northern belt, appears to have about the same
without filling of the secondary porosity by  interval thickness as in the northern belt, but is much
later cements. thinner bedded and contains a higher ratio of shale to

(e) Areas in which the sandstones were sandstone. The modal analyses of samples 93Mu84-3,
overpressured as they were uplifted from 93Mu86, and 94RR52A from the thin-bedded southern-
moderate depth of burial to their present facies belt show no significant difference in the

exposure at the surface. composition of framework grains from those in the
northern belt from which the remaining samples were
TINGMERKPUK ENVIRONMENT collected (figs. 5, 6).

OF DEPOSITION

COMPARISON OF TINGMERKPUK

Environments of deposition are best determined 'ANDSTONE WITH BROOKIAN
using sedimentary structures, data concerning t eANDSTONE

stratigraphic sequences, and paleontological eviden
(see Regional Geology). The petrographic data from this Comparison of the Tingmerkpuk Sandstone
study suggest some constraints for the interpretatiageralogy with data from one Brookian sandstone
of depositional environment of the Tingmerkpuk. Thgample (93Mu93-1B) that overlies the Tingmerkpuk of
presence of unweathered glauconite in all samplgf southern-facies belt shows major differences in
indicates a marine environment. Glauconite abundang@mposition between the two units (fig.. 3 the
is low and ranges from a trace to 1.2 percent. Glaucorifookian sandstone, quartzose grains compose
suggests that low rates of sedimentation and 1®9.4 percent of the total framework grains, which is
oxidation during its formation (Odin and Fullagar, 1989much lower than in the Tingmerkpuk Sandstone.
Clay rims on sands are commonly generated IBeldspar grains, which are entirely plagioclase,
bioturbation in shelf environments (Wilson, 1992)constitute 3.3 percent (slightly higher than in the
However, clay-rimmed grains are commonly reworketingmerkpuk), and lithic grains compose 57.3 percent,
into shelf shoreface transitional environments and deepgtich is much higher than in the Tingmerkpuk. The
water slope and deep-sea fan environments. Reworkigartzose fraction contains a much larger proportion of
of these grains into deeper parts of the shelf by storpslycrystalline quartz grains than in the Tingmerkpuk;
is suggested for the Tingmerkpuk. The well-sorted natuseme of these contain trace to minor amounts of aligned
of the sands and low matrix content imply at leasghite mica or chlorite and were probably derived from
moderate energy during deposition and suggest a lggyllitic metasiltstone or microschist. Chert content of
of extensive biogenic reworking. A low-energyabout 4 percent is similar to that of the Tingmerkpuk.
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The composition of lithic grains in the Brookiansequence, contain only minor chert, and might be
sandstone also contrasts markedly with the lithic grainensidered a source.
in the Tingmerkpuk. In the Brookian sandstone, the lithic In the lithic grain fraction of the Tingmerkpuk sands,
grains consist predominantly of monocrystalline anthe occurrence of dolomite and possibly calcitic
polycrystalline dolomite fragments, with lesser amountsagments (samples 93RKC22-64A, 94RR76B,
of phyllite, muscovite, and mudstone or shale fragmen®}RR73A-1) and their absence in all other samples
and a trace of chlorite and silicic volcanic rockfig. 6) is somewhat anomalous. Dolomite grains can
fragments. The dolomite grains are commonly twinnedjthstand moderately extensive transport, but calcitic
which suggests a highly tectonized provenance. fragments are typically eliminated by dissolution and

Texturally, the Brookian sandstone grains havabrasion during relatively short transp@uestionable
significantly lower sphericity and roundness than thealcitic fragments in the sands may represent
Tingmerkpuk sands. Matrix and laminar clays anglagioclase-grain replacement (see discussion above),
relatively abundant, and cement is a combination fifssil fragments indigenous to the environment of
plastic deformation of ductile grains, grain suturing, ardeposition, or entrainment of grains from nearby
dolomite (or ankerite ?) cementation. For a momnvironments during sediment transport or reworking,
extensive discussion of Brookian sandstones see Wapeghaps as tempestites. A number of stratigraphic units,

and Reifenstuhl (this volume). including the Lisburne Group, the Katakturuk Dolomite,
and some units within the Franklinian sequence, contain
PROVENANCE dolomite fragments that could have been the source of

the minor amount of dolomite in the Tingmerkpuk.
Although the petrographic data provide no definitivelowever, the low chert content of the Tingmerkpuk in
identification of provenance for the Tingmerkpukhe eastern part of its outcrop belt seems to rule out the
Sandstone, they do provide insight into tteure of Lisburne Group—with its abundant chert—as a
the provenance. Inasmuch as the Tingmerkpusignificant component of the provenance for most of
Sandstone was deposited during the Neocomian coetha@ Tingmerkpuk.
with development of the Lower Cretaceous The volcanic rock fragments and higher percentage
unconformity (LCU) and rifting of the northern Alaskeof chert in the Tingmerkpuk at Thetis Creek indicate
margin, it has always been assumed that rocks similae presence of a different component in the provenance
to those near the rift margin may represent thof the Tingmerkpuk in the western part of the Neocomian
Tingmerkpuk provenance. outcrop belt than in the Tingmerkpuk to the east.
The abundance of well-rounded monocrystallingolcanic rocks are locally present in the Lisburne Group
quartz in the Tingmerkpuk indicates source rocks thiatboth the Tunalik #1 test well in western NPRA and in
consisted of quartz-rich sandstones, metasandstoneshereastern Brooks Range. Volcanic rocks are also locally
metaquartzites. The Tingmerkpuk Sandstones are tlpussent in the Franklinian sequence in the northeastern
at least second- or third-cycle sandstones. Although Boooks Range (Reiser and others, 1980), but have not
grains of sandstone, metasandstone, or metaquartbien reported in the subsurface of the Arctic Slope.
were observed in thin section, this may be attributable In contrast to the Tingmerkpuk Sandstone, the
to the relatively fine grain size of the Tingmerkpuk. Trad@rookian sandstone examined in this study contains
amounts of phyllite and muscovite imply at least min@bundant chert, volcanic rock fragments, metamorphic
amounts of low-grade metamorphic rocks in the sourteck fragments, carbonate, and white mica (fig. 5). Rocks
terrane. of this type are widespread in the pre-Mississippian
The low chert content of most of the Tingmerkpukocks of the schist belt of the southern Brooks Range,
sandstones suggests that they were not derived frimthe structurally higher allochthons that regionally
rocks similar to most of the Ellesmerian sequence o¥erlie the Tingmerkpuk, and in the Angayucham
the northern Arctic Slope. In the Ellesmerian sequendefrane, all of which lie south of the Tingmerkpuk area.
the sands of the Triassic Sag River Sandstone and Iviskegeralized discussions of the rocks in these areas are
Formation and of the Permian Echooka Formaticgiven by Dillon (1989), Mull (1989), Mayfield and
contain up to 35 percent detrital chert grgBisd, 1991; others (1988), and Moore and others (1994).
van de Kamp, 1988), and the Carboniferous Lisburne In summary, the petrographic data suggest that rocks
Group carbonates contain abundant chert nodulé&#nilar to those of the Franklinian sequence or the basal
However, the sandstones in other possible source umi@st of the Ellesmerian sequence of northern Alaska were
that underlie the Lisburne Group, such as the Lowefobably the source of the Tingmerkpuk Sandstone. The
Mississippian Kekiktuk Conglomerate at the base of tiaddsence of significant amounts of chert, volcanic rock
Ellesmerian sequence and pre-Mississippian Frankliniftagments, metamorphic rock fragments, carbonate, or



PETROGRAPHY OF THE TINGMERKPUK SANDSTONE (NEOCOMIAN), NORTHWESTERNBROOKS RANGE

123

white mica in the Tingmerkpuk, all of which are abundant (f) The provenance for the Tingmerkpuk sands

in the pre-Cretaceous rocks of the Brooks Range to the
south of the Tingmerkpuk outcrop belt, precludes a
southern source for the Tingmerkpuk. However, these
components are abundant in the Brookian sediments that
directly overlie the Tingmerkpuk and indicate a
significant change in provenance following the end of
Tingmerkpuk deposition.

SUMMARY AND CONCLUSIONS

Petrographic study of the Tingmerkpuk Sandstone
shows that:
(&) The Tingmerkpuk is dominantly a quartz-

(@

probably included rocks similar to the pre-
Mississippian Franklinian sequence and
possibly the Lower Mississippian part of the
Ellesmerian Group that are present in the
subsurface of the Arctic Slope north of the
Tingmerkpuk outcrop belt. Minor volcanic
rocks were part of the provenance for the
Tingmerkpuk in its present-day westernmost
exposure.

Comparison of the petrography of the
Tingmerkpuk with the basal sands in the
overlying Brookian sequence documents an

(b) Framework grains

arenite with local sublitharenite (<90 percent
quartz). Petrographically, the Tingmerkpuk
is similar to the Kuparuk River Formation
in the Tunalik #1 well of NPRA and other
upper Ellesmerian (Beaufortian) sandstones
of Neocomian age in northern Alaska.

in most of the
Tingmerkpuk consist of an average of
87 percent monocrystalline quartz,
7 percent polycrystalline quartz, 4 percent
chert, 1 percent plagioclase, 0.1 percent
carbonate, 0.4 percent white mica, and
0.3 percent clay pellets. A single
Tingmerkpuk locality at the western end of
the Neocomian outcrop belt contains
3 percent volcanic rock fragments.

(c) The compositional and textural maturity of

the Tingmerkpuk suggests that most of its
sands are at least second- or third-order sands.

(d) Partially abraded clay rims are common on

most of the quartz grains in the Tingmerkpuk,
and were probably present at the time of
deposition of the sands. These clay rims in
the Tingmerkpuk were probably formed as a
result of bioturbation of the sands in a shallow
marine shelf environment prior to transport
of the sand to a deeper depositional setting.

(e) Porosity and permeability in the Tingmerkpuk

Sandstone in outcrop is low and ranges from
4 to 6 percent, due to quartz overgrowths on
the grains, carbonate cementation, and
compaction. Quartz overgrowths compose up
to 8.8 percent of the total rock volume, and
the sum of matrix+clay rims+carbonate

cement+hematite cement ranges from 6 to
39 percent of the total rock volume. The

dominant mechanism of porosity degradation
in the Tingmerkpuk in outcrop is pressure

solution due to compaction and may not be
characteristic of conditions in the subsurface.

abrupt change to a dramatically different and
presumably southern provenance that
included abundant chert- and volcanic-
bearing components as well as other
metamorphic rocks.
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LOWER TO MIDDLE DEVONIAN (LATEST EMSIAN TO
EARLIEST EIFELIAN) CONODONTS FROM THE
ALEXANDER TERRANE, SOUTHEASTERN ALASKA

by
Norman M. Savage! and Constance M. SojaZ2

INTRODUCTION

The thick Paleozoic sequences that occur in tivore recently,Pandorinellina expansavas recovered
southern Alexander Archipelago of southeastern Alasky one of us (NMS) from samples collected on
include abundant deposits of Devonian age. Althoudtupreanof Island, to the north, indicating the possible
various good Early Devonian conodont faunas @fesence of marine deposits during at least part of the
Lochkovian, Pragian, and early Emsian were recoveredssing interval (McLelland and Gehrels, 1990, table 1).
from several localities on the western and eastern sidesHerein we are reporting the occurrence of several
of Prince of Wales Island and nearby adjacent islandpecies in an 18-m-thick section exposed on “Harlequin
late Emsian conodonts have been notably rare (Sava@eck” rock (informally named), at the north end of
1977, 1988; Savage and Gehrels, 1984.) Abundatdrheen Passage (fig. 1), indicating that more of the
conodonts of Middle Devonian (middle and lat@reviously missing marine sequence across the Early to
Eifelian) age are known from Wadleigh Island aniiddle Devonian boundary may be present.
farther northeast on Prince of Wales Island (Savage,

1995), but no faunas of earliest Eifelian age have be@épartment of Geological Sciences, University of Oregon, Eugene,
described. Thus, for many years the available evidencesgon 97403.

Suggested a late Emsian to ear|y Eifelian regressiéﬁ.epal’tment of Geology, Colgate University, Hamilton, New York
13346.

N

TUXEKAN

PRINCE OF

HECETA

ISLAND WALES

ISLAND

Figure 1.Map of the Karheen Passage, and adjacent islands, southeastern Alaska, showing the position of the
fossil locality on Harlequin Duck rock.
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OCCURRENCE AND AGE OF town of Craig, also show the occurrence of limestones

COLLECTIONS of approximately this time interval. Thus there is now

evidence from three different parts of southeastern
The short section exposed on Harlequin Duck roédaska that suggests marine deposition across the Lower

was measured by one of us (CMS) and shown to coné@sMiddle Devonian boundary. Earlier indications of an

of a basal breccia that is 5 m thick, overlain by @hconformity or hiatus toward the end of the Emsian

“pioherm” (resedimented reef) that is about 13 m thicknd into the Eifelian may be more the result of

(fig. 2). The basal breccia has now yielded the conodofigcealment of section beneath the sea than of regional

Ozarkodina carinthiaca(Schulze),Polygnathus regression.

linguiformis cf. |. bultynckiWeddige, andPolygnathus

serotinusTelford. Ozarkodina carinthiacas known SYSTEMATIC PALEONTOLOGY

elsewhere from thénversusto patulus Zones, and

Polygnathus serotinuand Polygnathus linguiformis ~ In this paper the multielement notation and

bultynckifrom theserotinusto costatusZones (Klapper Suprageneric classification used are those of Sweet

and Johnson, 1980). The oldest dated clasts in the b45888).

breccia are thus likely to be no older tlaversusZzone

age, the youngest dated clasts no youngerdbstatus ~ Family SPATHOGNATHODONTIDAE Hass, 1959

Zone age, and the breccia itself no older tinaersus Genus OZARKODINA
Zone age. Branson and Mehl, 1933
The bioherm has also yieldBdlygnathus serotinys
together withPandorinellina expansaJyeno and Type species. Ozarkodina confluéBsanson and Mehl,
Mason, andPolygnathus angusticostatWittekindt. 1933).
Pandorinellina expansé known elsewhere from the

inversus to costatus Zones, andPolygnathus OZARKODINA CARINTHIACA
angusticostatusrom the patulusto ensensisZones (Schulze, 1968)
(Klapper and Johnson, 1980). The occurrence of Figure 3.1-2

Pandorinellina expansdogether withPolygnathus
angusticostatusat locality 1.11 indicates an age for that DiscussionThis species has a distinctive Pa element
horizon within thepatulusto costatusZones. with a high anterior blade that descends to a point about
These occurrences on Harlequin Duck rock thume third the unit length. The posterior two-thirds of the
indicate the presence of bedsionfersusto at least unit is gently arched and bears nodular subequal
patulusand possibly as young esstatusage and show denticles above a wide, symmetrical basal cavity. In the
that the late Emsian to early Eifelian interval is probabtype material from the Karawanken Alps there are
present in marine limestones in this part of southeastatternating large and small denticles above the basal
Alaska. Conodonts collected by one of the authoexpansion. Klapper and others (1978) note that some of
(NMS) from the Alberto Islands, farther south near thhe specimens from the Barrandian area of the Czech

Figure 2.Schematic section of exposure on Harlequin Duck rock showing localities 1.0, 1.1, 1.3, and 1.4 in the
basal breccia, and localities 1.11 and 1.13 in the bioherm.
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Republic lack the smaller denticles and this is also the POLYGNATHUS SEROTINUS
case with the Alaskan material. An additional feature of Telford, 1975
the Alaskan specimens is a more gradual descent of the Figures 3.11-22

anterior blade from the highest anterior denticles to the

point above the front of the basal expansion. If additional DiscussionThese Pa elements, from horizons in the
specimens of the Alaskan form are obtained, and thasal breccia and the bioherm, have the characteristic
lack of the alternating small denticles and more graduknge on the outer side of the basal pit and an upper
descent of the upper blade margin prove to be consistglattform that has a high outer margin and a sharply flexed
characteristics, these features may be enough to wargogterior tongue.

recognition of a distinct subspecies. Despite these Material. A total of 44 Pa elements (11 from locality
differences, the specimens from southeastern Alaskd, 6 from locality 1.3, 5 from locality 1.4, and 22 from
should be assigned @zarkodina carinthiacaand are locality 1.13).

of interest as the first representatives of the species

recorded from North America. Previously the species Genus PANDORINELLINA

has been recorded from the Karawanken Alps (Schulze, Mdiller and Mdiller, 1957

1968), the Carnic Alps (Polser, 1969; Schonlaub, 1986), Type species. Pandorina insi&auffer, 1940.
Bohemia (Klapper and others, 1978), Spain (Bultynck,

1976, 1979), the Armorican Massif, France (Lardeux PANDORINELLINA EXPANSA
and Weyant, 1993), and the Zeravshan Range, central Uyeno and Mason, 1975
Asia (Apekina and Mashkova, 1978). Figures 3.9-10

Material. Two Pa elements, from locality 1.0.
Discussion The two Pa elements Bandorinellina

Family POLYGNATHIDAE expansaecovered from locality 1.11 in the upper part
Bassler, 1925 of the section are characteristic of the species, exhibiting
Genus POLYGNATHUS an expanded basal cavity that extends the whole length
Hinde, 1879 of the unit, a high anterior blade with three or four high

Type species. Polygnathus dubllisde, 1879. denticles, and a precipitous drop from the anterior blade
to the much lower, arched posterior part of the unit.

POLYGNATHUS ANGUSTICOSTATUS Material. Two Pa elements from locality 1.11.
Wittekindt, 1966
Figures 3.6-8 ACKNOWLEDGMENTS

DiscussionThe species is characterized by platform We thank Barbara Savage for processing the samples
margins that do not reach the posterior tip of the unit.apd picking the conodont residues. Dale R. Sparling and
is a species that occurs most commonly in the Eifelidomas T. Uyeno kindly reviewed the submitted
but can extend down into the latest Emsian. IRanuscript and made valuable suggestions for its
southeastern Alaska it is fairly common in collectiong§nprovement.
from the westernmost of the Alberto Islands and from
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Figure 3.1-2, Ozarkodina carinthiacgschulze, 1968). Lateral and lower lateral views of Pa element USNM 481686,
from locality 1.0, x 90. 3-5Rolygnathus linguiformif. I. bultyncki Weddige, 1977. Lateral, lower, and upper
views of Pa element USNM 481687, from locality 1.1, x 48 F®ggnathus angusticostatttekindt, 1966. 6,
upper lateral view of Pa element USNM 481688, from locality 1.11, x 90; 7-8, lateral and lower views of Pa
element USNM 481689, from locality 1.11, x 90. 9PHhdorinellina expanddyeno and Mason, 1975. 9, lateral
view of Pa element USNM 481690, from locality 1.11, x 90; 10, lateral view of Pa element USNM 481691, from
locality 1.11, x 90. 11-2ZRolygnathus serotinuielford. 1975. 11-12, upper and lower views of Pa element USNM
481692 from locality 1.1, x 90; 13-15, upper, lower, and lateral views of Pa element USNM 481693, from locality
1.4, x 90; 16-18, upper, lower, and lateral views of Pa element USNM 481694, from locality 1.1, x 90; 19-20,
upper and lower views of Pa element USNM 481695, from locality 1.13, x 90; 21-22, upper and lower views of Pa
element USNM 481696, from locality 1.1, x 90.
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PRELIMINARY PETROGRAPHY AND PROVENANCE OF SIX
LOWER CRETACEOUS SANDSTONES, NORTHWESTERN
BROOKS RANGE, ALASKA

by
Marwan A. Wartes! and Rocky R. Reifenstuhl?

ABSTRACT

The orogenic history of the western-most Brooks Range is poorly understood. This study presents new
petrographic data for six Lower Cretaceous sandstones which will be used to constrain models for the
geologic development of the western Brooks Range. Modal data, plotted on standard sandstone ternary
diagrams, show significant differences between various Lower Cretaceous units, outlining changes through
time in the provenance and tectonic environment of western Arctic Alaska as the Brooks Range evolved.

The oldest sample in this study, the Okpikruak Formation, appears to represent the earliest erosion of the
volcanic and plutonic-rich Copter Peak and Misheguk Mountain allochthons. A nearly coeval unit, the
Tingmerkpuk Sandstone, probably represents some of the last sediment derived from the north and was
deposited within the stable passive margin setting which preceded the Brooks Range orogeny. The basal
Brookian sandstone and the two young Mount Kelly Graywacke samples are rich in detrital carbonate and
other lithic fragments. They were both deposited in the asymmetric foredeep on the north flank of the
Brooks Range and are likely derived principally from the Paleozoic calcareous schist belt to the south. The
Nanushuk Group sandstone probably had a mixed source area to the west with possible epeirogenic uplift
exposing the Lisburne platform carbonates as a main source for chert and carbonate detritus.

INTRODUCTION

This preliminary study is part of a larger projecstructural positions. Data on the depositional
undertaken by the Alaska Division of Geological &nvironments, paleontology, and organic geochemistry
Geophysical Surveys to determine the hydrocarbofi some of these rocks are presented by Crowder and
potential of the western Arctic Slope. The impetus fathers (1994), Mickey and others (1995), Dow and
this study was a general lack of knowledge regardidglukdar (1995), and Mull (1995).
the provenance and lithologic composition of the Lower
Cretaceous sandstones of the western Brooks RarGENERAL GEOLOGY
This paper presents the petrography of six sandstones
from five Lower Cretaceous rock units in the western The western Brooks Range is an extension of the
Brooks Range and interprets their provenance af@rdilleran orogenic belt and was deformed from Late
tectonic environment. Samples were collected in 1998rassic through Early Cretaceous time. In the
and 1994 from the northwestern DeLong Mountairdevelopment of the orogenic belt, extensive thrusting
(fig. 1) during a detailed mapping project in the westedisplaced sheets of dominantly sedimentary rock
Brooks Range. The rock units represented range in dgwdreds of kilometers northward. These sheets have
from Neocomian to Albian and were deposited in leen termed allochthons (Mayfield and others, 1988,;
foreland basin as turbidites, shelf storm deposits, anflall and others, 1987a) and are composed of Late
nonmarine to marginal-marine deltaic environment. TH@evonian to Mesozoic rocks of the Ellesmerian
five lithologic units from oldest to youngest are theequence. Ellesmerian rocks were derived dominantly
Okpikruak Formation, the Tingmerkpuk Sandstone, d&®m a northern source and deposited in various stable
unnamed lower Brookian unit, the Mount Kellyplatform environments. In the DeLong Mountains, the
Graywacke Tongue of the Fortress Mountain FormatioBrookian sequence consists of synorogenic and
and the Nanushuk Group. General information on th@storogenic sediments that were derived from the
location and ages of the samples is shown in tableBrooks Range orogen and shed into the Colville Basin,
figure 2 illustrates their relative stratigraphic andn asymmetric foredeep to the north (Mull and others,

1Department of Geology and Geophysics, University of Alaska, Fairbanks, Alaska 99775. Now at Department of Geology andsGeophysic
University of Wisconsin, Madison, Wisconsin 53706.
2Alaska Division of Geological & Geophysical Surveys, 794 University Avenue, Suite 200, Fairbanks, Alaska 99709-3645.
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Figure 1.Generalized geologic map of the northern DeLong Mountains 1:250,000 Quadrangle showing sample locations

(modified from Mull, 1995). See table 1 for data on samples 1-6.

Table 1.General sample age and location

Sample Field Formation Age
1 94 Mu 71 Okpikruak Formation Valanginian
2 94 RR 73A-1 Tingmerkpuk Sandstone Valanginian-Barremian
3 93 Mu 93 lower Brookian Formation Hauterivian-Barremian
4 93 Ha 152 Mt. Kelly Graywacke Aptian
5 93 RR 64B Mt. Kelly Graywacke Aptian
6 93 RR 63A Nanushuk Group Albian

Location
Upper Kukpowruk River
Tingmerkpuk Mt.
S. Side of Tingmerkpuk Mt.
Eagle Creek
Surprise Creek

Coke Basin
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1987b). For a more detailed discussion of the geologf/grain size is due to the tendency of lithic fragments
of northern Alaska see Moore and others (1994), atalaccumulate in the sand-size range (Dickinson and
for a palinspastic synthesis of the western Brooks Rargeczek, 1979). Figures 3A and 3C include carbonate

see Mayfield and others (1988). grains as lithic detritus and figures 3B and 3D exclude
carbonate grains from the framework constituent. The
METHODS plots show the respective recalculated modal ratios. This

exclusion of carbonate grains in figures 3B and 3D is
Detrital modes were determined by using thindiscussed below.
section petrography for the six sandstone samples. ToThe QpLvLs plot (fig. 4) uses only a part of the
increase understanding of the provenance, altered grdiasnework modes by comparing the relative abundances
were related to their detrital parent composition. Modaf polycrystalline quartz and chert (Qp) to lithic volcanic
analysis followed the procedures of Decker (1985). &hd metavolcanic rock fragments (Lv) to unstable
minimum of 400 points per thin section were counteskdimentary and metasedimentary rock fragments (Ls).
for a statistically valid estimate of percent by volum&his diagram, by excluding monocrystalline quartz,
for each grain category (table 2) (Van Der Plas and Topprtrays the relative abundance of the less stable
1965). Grain size in the thin sections varied from veonstituents, which are often more important in
fine (0.0625 to 0.125 mm) to course (0.5 to 1.0 mmyjscriminating a provenance than recycled
and the skip distance varied accordingly. However, skiponocrystalline quartz.
distance was never less than 95 percent of the largestThe ternary plots are a powerful tool for interpreting
grain-size fraction within the sample. provenance, but there are some inherent limitations. The
The summarized petrographic data in table 2 includeost important limitation affecting this study is the
18 types of detrital grains, 2 types of matrix, and 3 typegliberate omission of carbonate grains from the
of cement. These data are plotted on the triangufesimework constituents, as suggested by Dickinson and
classification schemes of Dickinson and Suczek (197&hers (1983). Mack (1984) notes that this omission is
and Dickinson and others (1983) by using variowse of the major drawbacks in this technique and argues
framework modes or grain populations (table 3) tiat nondetrital carbonate grains should be excluded
emphasize source-area characteristics (figs. 3A-3D, Because of their authigenic or intrabasinal nature. Such
grains are not indicative of the sediment in the source
DIAGRAMS OF DETRITAL GRAIN area and thus, as with matrix, should also be excluded
POPULATIONS from the framework modes for provenance analysis.
However, if carbonate rock fragments are derived from
Relative proportions of framework grains can bextrabasinal sources, they are detrital and hence should
illustrated on triangular diagrams to displaye included as an unstable lithic fragment. The special
compositional variations in sandstones. These terngmpblem of coping with such hybrid sandstones can be
plots use various poles representing proportions of grainly partially resolved because the distinction between
types calculated from either the entire detrital populaticinirabasinal carbonate allochems and detrital grains is
as with the QFL and QmFLt plots, or as a smaller grougften quite difficult. This question is particularly
such as QpLvLs. The relative abundances of theisgportant in this study inasmuch as samples 1 through
recalculated proportions (table 3) are useful i& have carbonate grains in their modes and samples 1
interpreting provenance character and tectonic settithigough 4 have greater than 28 percent carbonate grains.
of Phanerozoic sandstones (Dickinson and others, 1983)ese latter four significantly influence the plots when
QFL diagrams (figs. 3A, 3B) plot all quartzose grainsarbonates are included or omitted and thus both
(Q=polycrystalline+chert+monocrystalline), totakalculated populations, QELOMFLY, (with) and QFL,
feldspars (F=plagioclase, potassium feldspar, etc.), aQehFLt, (without), are shown in (figs. 3A-3D) and are
total lithic grains (L=unstable rock fragments). This plataken into consideration for provenance determination.
emphasizes grain stability, which also gives information
about the relief of the source area, the transp@ETROGRAPHY AND
mechanism, and weathering processes (Dickinson
Suczek, 1979). QmFLt diagrams (figs. 3C, 3D) also fszVENANCE
the entire grain population, but emphasize the grain S%%MPLE 1-OKPIKRUAK FORMATION
of the provenance by separating the fields into
monocrystalline quartz (Qm), feldspar (F), and total This sample from the Okpikruak Formation is from
detrital lithic components (Lt=polycrystalline quartza sandstone horizon that is part of an olistostrome
chert, and other unstable rock fragments). The emphasisitaining coarse boulder conglomerates. The outcrop
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Figures 3 A-D.Ternary diagrams (above) of total detrital grain populations. Figures A (AFL1) and C (QmFLt1) include
carbonate detritus as a lithic fragment. Figures B (QmFLt2) and D (QFL2) exclude carbonate grains as a framework

component and show recalculated modal ratios. See table 1 and 2 for values and symbol explanations. Provenance fields
after Dickins and others (1981).

Figure 4.Ternary diagram (above) of partial grain populations. Plot shows mean proportions of the lithic fragments with
tectonic environment fields after Dickinson and Suczek (1979). See table 1 and 2 values and symbol explanations.
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is part of a complex of thrust sheets that overlie ttRAMPLE 2-TINGMERKPUK
Tingmerkpuk Sandstone (sample 2) and lower Brooki@ANDSTONE
sandstone (sample 3) and represent a more southerly
part of the Colville basin (fig. 2). This sample is a very The Tingmerkpuk Sandstone from Tingmerkpuk
coarse to course-grained, poorly sorted, plagioclase-ridtountain is a very fine grained, relatively clean
sandstone. Its framework modes consisted of only figelartzose sandstone. Quartzose grains compose most
grain types: monocrystalline quartz, polycrystallingd2 percent) of the framework constituents. Chert is
guartz, plagioclase, hornblende (counted as “other”), andcommon (2 percent), but composite polycrystalline
composite plagioclase rock fragments. The quartz gramsartz accounts for just over a quarter of the framework
are well-sutured, often obscuring grain boundariegrains (26 percent). Monocrystalline quartz is the largest
Plagioclase grains are either well zoned or twinned afrelction (64 percent) and consists of stable, well-rounded
were “dusky,” indicating early stages of alteration. Thgrains, many of which are sutured. This suturing,
hornblende detritus is also slightly altered. combined with quartz overgrowths and minor amounts
The Okpikruak sandstone lacks carbonate detrita§carbonate cementation, creates a dense, low-porosity
and is plotted only on QFL(fig. 3A) and QmFL} (fig. sandstone. Data on measured porosities and perm-
3C). The QFL diagram (fig. 3A) indicates an uplifteéabilities for the Tingmerkpuk are given in Mull (1995).
basement of continental material. However, the QmFEeldspar occurs only in trace amounts as plagioclase.
diagram (fig. 3C) indicates a dissected arc provenan@ée remaining framework grains are carbonate
Either field adequately explains the high modal valugs percent). Reifenstuhl and others (1997; this volume)
for plagioclase (45 percent). The plagioclase may peesent a more in-depth treatment of the Tingmerkpuk
plutonic or volcanic; based on the discrete morphologi€andstone.
of the various plagioclase grains, they could be derived On the QFL diagram (fig. 3A), the Tingmerkpuk
from either source. Dickinson (1983) suggests deepandstone plots as a sediment derived from a recycled
seated thrusting as a plausible tectonic scenario whmtogenic provenance. However, when the carbonate
explains sandstones with compositions such as tinaction is excluded in QFEL(fig. 3B), the sandstone
Okpikruak. Both arc volcanism and large-scale thruptots as an interior cratonic sand derived from a
faulting are recognized elements of Brookian tectoniaspntinental block provenance. Both QmFLt diagrams
the latter often responsible for foredeep basins such(fgs. 3C, 3D) place the Tingmerkpuk in the recycled
the Colville. Therefore, either interpretation of therogen field as well, but more specifically as a recycled
tectonic regime for the source is probably validquartzose sand. The most likely interpretation involves
Petrographic studies of the Okpikruak in the centraking the two diagrams (QE&nd QmFLJ) that exclude
Brooks Range (Wilbur and others, 1987; Wilbur, 198@arbonate grains from the framework constituent. This
have yielded more lithic-rich petrologies, whickconclusion is based on the observation that other
provided a more definitive relationship with magmaticomparable Ellesmerian sands from the north are not
arc provenances. derived from provenances containing carbonate rocks.
The two structurally highest allochthons in thén addition, surface outcrops of the Tingmerkpuk
central and western Brooks Range consist of the CopBamdstone contain scatterBdchia sublaevigpelecy-
Peak allochthon and the Misheguk Mountain allochthopods, and at least one layerRuichia coquina (Mull,
The Copter Peak igneous sequence is dominantly pilld®95); Reifenstuhl and others (this volume; 1997)
basalt, but does contain numerous large-scale quadentified pelecypod shell material in thin sections
diorite dikes and other finer-grained igneous rockounted in a companion study. These occurrences
varying from dacitic to andesitic compositions (Curtisuggest that the carbonate in the Tingmerkpuk is derived
and others, 1990). The Misheguk Mountain igneodisom the shelf and not from extrabasinal sources.
sequence consists of a fairly well developed ophiolite
suite of mafic and ultramafic rocks (Roeder and MulsAMPLE 3-LOWER BROOKIAN
1978). However, the Misheguk Mountain sequence al§paNDSTONE
contains a variety of course-grained dikes or plugs with
compositions such as diorite, quartz diorite, and granite The lower Brookian sandstone is a medium-grained,
with significant amounts of quartz, plagioclasepoorly sorted, subangular, carbonate-rich sandstone that
hornblende, and biotite (Curtis and others, 1984). EitHaas the highest non-quartzose lithic volume (57 percent)
or both of the felsic to intermediate igneous rocks foured the sandstones described here. The compositional
in these allochthons could have been the source for thenaturity of this sandstone is most readily illustrated
abundant plagioclase and hornblende grains in thg its lithic constituents, especially the relatively
Okpikruak. abundant schist fragments (9 percent). Carbonate grains
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are also the highest noted in this study (41 percergandstones plot within the collisional orogen field of
Though still framework supported, this sample contaitise QpLvLs diagram (fig. 4). These data indicate an
significant amounts of argillaceous material asnstable orogenic setting whose sedimentary basin was
depositional matrix (12 percent). the evolving Colville foredeep. The carbonate grains
The lower Brookian sandstone plots as a recycledkere probably derived from the erosion of the quartz
orogenic sandstone on both QFL and both QmFhtuscovite schist and associated calcareous schist that
diagrams (figs. 3A-3D). The QmFLplot (fig. 3C) form the southern margin of the Brooks range (Mull,
further classifies the sample as a recycled lithik985). The remaining sedimentary lithic grains, such as
sandstone, whereas the Qmfplot (fig. 3D) places it chert, were likely derived from the allocthonous rocks
in the transitional recycled field. The QpLvLs ploof the DeLong and Endicott mountains.
(fig. 4) suggests that the lower Brookian was probably
derived from a collisional orogenic front. These da@AMPLE 6-NANUSHUK GROUP
indicate that this unit has a distinctly different The sample from the Nanushuk Group of the Coke
provenance than the underlying Tingmerkpuk sandstoBasin is a medium-grained litharenite. Quartzose grains
and must have been shed shortly after the onset of #ine abundant (65 percent), and are composed largely of
Brookian orogeny. None of the carbonate grains notpdlycrystalline varieties (73 percent of total quartzose
in this sample portrayed any bioclastic structur@opulation). Chert is abundant in this sample
suggesting that these grains were not derived from #{3% percent), ranging from cherty-argillite to clean, very
fossiliferous Lisburne platform carbonates. In facfine grained chert. Much of the chert is partially obscured
palinspastic models suggest that during Neocomian tifbg the interstitial growth of authigenic dolomite rhombs.
erosion is unlikely to have exposed the Lisburne Groletrital carbonate is also a large fraction (28 percent)
carbonates (Mull, oral commun., 1996). The abundanat the framework mode. Minor amounts of other
of schist fragments, white mica, and the morphology ohstable lithic grains, such as schist and volcanic
the pervasive carbonate detritus suggest that muchfragjments, suggest proximity to the source terrane.
the detritus in the lower Brookian sands was derived The Nanushuk Group sandstone plots in the recycled
from erosion of the schist belt and Lower Paleozoic Baigogenic field on both QFL diagrams (figs. 3A, 3B).
Group carbonates, which are widespread in the southBoth QmFLt diagrams (figs. 3C, 3D) also portray the

Brooks Range. provenance as consisting largely of orogenic, lithic-rich
material. The position of this sandstone sample at the

SAMPLES 4 AND 5-MOUNT lithics pole is largely due to high modal values of chert

KELLY GRAYWACKE (35 percent) and carbonate detritus (28 percent). These

two constituents strongly indicate a sedimentary source

Two samples of the Mount Kelly Graywacke, fromarea. Carbonates of the Lisburne Group crop out in the
Eagle Creek and from Surprise Creek, are mediufigara uplift west of the Coke basin (Grantz and others,
grained, poorly sorted, subangular, carbonate-rid®76; Mull, 1979), and may be present in the Herald
sandstone. The major lithic grains include volcanic rockch, a possible offshore extension of the uplift. General
fragments (5 and 2 percent, respectively), schist (10 andpping and paleocurrent indicators of Ahlbrandt and
6 percent), and high modal values of carbonate (33 asttiers (1979) suggest that the Nanushuk Group in the
36 percent). Most of the volcanic rock fragments amndestern Arctic Slope was deposited as part of a large
plagioclase grains are in late stages of alteration delta, termed the Corwin Delta. Their data indicate a
chlorite. Sample 5, from Surprise Creek, has a maoderivation of the delta from the west in the area of the
mature monocrystalline quartz fraction (19 percent ¥erald arch. Although it does not change the field in
13 percentin sample 4), but the samples had equal vakwisch this sample plots, the carbonate grains are
for the sum of composite polycrystalline quartz and chgrtobably detrital and thus sedimentary lithics. The
(30 percent). For a more detailed treatment of the Mou@pLvLs plot (fig. 4) places the sandstone in a collisional
Kelly Tongue and the Fortress Mountain Formation seeogen source field, suggesting deposition as a result of
Molenaar and others (1988). the Brookian orogeny.

Both samples of the Mount Kelly Graywacke plot
on the QFL diagrams (figs. 3A, 3B) as recycled orogenfSUMMARY
sandstones. Sample 4, from Eagle Creek, plots as a lithic
recycled orogenic sandstone on both QmFLt diagrams A petrographic analysis of a suite of Neocomian
(figs. 3B, 3D), whereas sample 5 (from Surprise Creegkirough Albian sandstones (table 1) sampled from the
plots as a lithic recycled sandstone in QmKfig. 3C) DelLong Mountains Quadrangle reveals provenance and
and as transitional recycled in QmFElfig. 3D). Both likely tectonic environments.
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The sandstone sampled from the Okpikruagnvironment and provenance are similar. Their
Formation (sample 1) is unusually rich in plagioclasdifferentiation at the hand-sample level is problematic,
(45 percent). The provenance is probably the resultafd without the benefit of stratigraphic succession, they
early erosion of the volcanic and plutonic-rich Coptere nearly impossible to tell apart. Earlier studies based
Peak and Misheguk Mountain allochthons, which noidentification of the Mount Kelly on visible mica.
exist largely as disparate klippen (Roeder and Mulowever, this study found more mica and comparable
1978). Felsic and intermediate sources present withialues of schist fragments in the lower Brookian
these upper-most thrust sheets adequately accountstamdstone. More detailed petrography of both units is
the high modes of plagioclase relative to the other foplanned to establish if the two units exhibit any
Brookian sands deposited later. diagnostic petrographic differences.

The Tingmerkpuk Sandstone (sample 2) is the only The petrographic data presented in this study help
sand in this study whose genesis was within the relativédy detail the changes through time in provenance and
stable tectonic setting of the Ellesmerian passive mardiectonic environment of Arctic Alaska as the Brooks
On the basis of this setting, the provenance was Bange orogenic belt evolved. The observed
interior craton, in this case the Franklinian sequencecompositional variation of sediments in the Colville

The basal Brookian sandstone (sample 3) wdasin from Valanginian to Albian time record the
derived from a carbonate-rich source area. The Lisbuipr@gressive erosion of the maturing Brooks Range fold
platform carbonates are excluded as a possible sousrg] thrust belt.
and the calcareous rocks of the schist belt are the likely
source, though they currently crop out only along thfaCKNOWLEDGMENTS
southern margin of the Brooks Range.

The Mount Kelly Graywacke (samples 4 and 5) The authors thank the Alaska Division of Geological
probably had a mixed source area. The modal valdesGeophysical Surveys (DGGS) for the use of their
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