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Frontispiece. Oblique aerial view looking southeast across Novarupta rhyolite dome (center of photograph) and surround-
ing ejecta ring and ash-flow deposits, products of 1912 eruption, Valley of Ten Thousand Smokes, Katmai National Park.

Katmai volcano (top left corner) and historically active Mt. Trident volcanic center (top center) in background. Photograph
provided courtesy of Thomas P. Miller and Betsy Yount.
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Geologic Studies in Alaska
by the U.S. Geological Survey, 1988

By James H. Dover and John P. Galloway, Editors

INTRODUCTION

This volume continues the annual series of U.S. Geological Survey (USGS)
reports on geologic investigations in Alaska. Since 1975, when the first of these
collections of short papers appeared under the title “The United States Geological
Survey in Alaska: Accomplishments during 1975,” the series has been published as
USGS circulars. This bulletin departs from the circular style, in part to provide a more
flexible format for longer reports with more depth of content, better documentation,
and broader scope than is possible for circular articles.

The 13 papers in this bulletin represent a sampling of research activities carried
out in Alaska by the USGS over the past few years. The topics addressed range from
mineral resource studies (including natural gas) and geochemistry, Quaternary
geology, basic stratigraphic and structural problems, and the use of computer graphics
in geologic map preparation, to the application of geochronology to regional tectonic
problems. Geographic areas represented are numbered on figure 1 and include the
North Slope (1) and Brooks Range (2, 3) of Arctic Alaska, Seward Peninsula (4),
interior Alaska (5-9), and remote locations of the Alaska Peninsula (10, 11) and
southeast Alaska (12, 13).

Two bibliographies following the reports of investigations list (1) reports about
Alaska in USGS publications released in 1988 and (2) reports about Alaska by USGS
authors in publications outside the USGS in 1988. A bibliography and index of the
short papers in past USGS circulars devoted to Geological Research and Accom-
plishments in Alaska (1975-1986) is published as USGS Open-File Report 87-420.

Manuscript approved for publication, June 30, 1989.

Introduction 1



8861 ‘“Aaning [eoibojoay ‘g'n ayy Aq eysely ui ssipmg o16ojoan

171°

174° 168° 165° 162° 159° 153° 150° 147° 144° 141° 70° o
68° —r T T T 0 T —T T — 68
o T sammo Cw
a R e ht
7 I
TESHERPUK. wjﬁilso BAYIREECHEY POINT FLAXMAN
HESTEEGR”
1 - Collett and others _} —
CHCRe 3 1 ARCATION
o o : AT sacavamnrorur wneweLson| o 7 66°
[
'\r 7\‘ T KUK RIVER  |cranoLer Lane| fr T ARETIC
- K /
- \ // il an ’\
/ Hven TYEr PASS 2 CHANDALAR HRISTIAN .
/ 3:/3»4 . 3. %’lﬁ . WISEMAN NDA! CHRIST 2z ”
o 0 oz
o ol ~] 5 - Moore and Murphy—— )
N w BETTLES BEAVER JoRT vinoy
~Teley ‘ R 2\
W SENOE g, I )
anay 6 - Light and Rinehart
‘ o )6um£5‘§‘s' - Yeend and othegsr
4 - Kaufman and Hopkin g 9 Aleinikokff fafnd ngll;;?k :rg
B T ——<T"S" ol 8- Aleinikoff an :
62° F B HoATon b, ‘ - = 8 - " 620
KANTISHNA RIVER 2 RBANKS N\ B1G DELTA Lel |
H mi \
‘ W
MT McKINLEY '-i‘uu 3
°
60°p — j aerians ‘ 60
gy .
E | "
TYONEK — JANCHORAGE
7
Ao
¢ - ~ &7 ELAS L
S e
; -
N ) — o
58° L ] E':(\),‘r“ ‘ . ‘ 58
< Y b
® L W . Sy RVER
seLoowia BLYING SOUND JWDDLETON ! v RS
e g,
_ T \
o : o m
° "\\fnu & ) 56°
T ; <r~qw A" e AN anars®
ey g 12 - Drinkwater and others <" ~_
o’ S T13 - Newberry and Brew
XAt G s 7 \
e '
< )
10 - Wilson 7* o
- Forruonty [ L
LR | STepoyay say
L\l 11 - Wilsop
<
FALsfiA\u 0 © ‘
SiMEONOF ,/
. n . L B \ . \
S
170°  168°  166°  164°  162°  160°  158°  156°  154° 134° 1320 130

Figure 1. Index map of Alaska showing 1:250,000-scale quadrangles and general locations of study areas discussed in this bulletin. Numbers indicate order of papers

in this volume; names of authors follow number.



The Origin of Natural Gas Hydrates

on the North Slope of Alaska

By Timothy S. Collett, Kenneth J. Bird, Keith A. Kvenvolden, and Leslie B. Magoon

Abstract

On the North Slope of Alaska, gas hydrates have been
identified in 34 exploratory and production wells using well-
log responses calibrated to the response of an interval in one
well where gas hydrates were recovered in a core by ARCO
and Exxon. Most gas hydrates occur in six laterally continu-
ous Upper Cretaceous and lower Tertiary sandstone and
conglomerate units; all these hydrates are geographically
restricted to the area overlying the eastern part of the
Kuparuk River and the western part of the Prudhoe Bay oil
fields. Geochemical analyses of well samples suggest that
the identified hydrates originated from a mixture of deep-
source thermogenic gas and shallow microbial gas that was
either directly converted to gas hydrate upon entering the
zone of gas-hydrate stability or was first concentrated in
existing traps and later converted to gas hydrate upon a
favorable change in temperature or pore pressure. We pos-
tulate that the thermogenic gas migrated from deeper reser-
voirs along the same faults thought to be migration pathways
for the large volumes of shallow heavy oil that occur in this
area.

INTRODUCTION

Gas hydrates are crystalline substances composed
of water and gas in which a solid-water lattice accommo-
dates gas molecules in a cagelike structure, or clathrate.
Gas hydrates have been known as laboratory curiosities
since about 1810. Detailed studies of hydrates and their
physical properties were not undertaken until Hammer-
schmidt (1934) published data pertaining to the plugging
of natural-gas pipelines due to gas-hydrate formation.
The geologic occurrence of gas hydrates has been known
since the mid-1960’s, when gas-hydrate accumulations
were discovered in the USSR (reviewed by Makogon,
1981).

Pressure and temperature conditions suitable for
the formation of gas hydrates are found in high-latitude
regions of permafrost and beneath the sea in outer
continental margins and ocean basins (reviewed by Kven-
volden and McMenamin, 1980). Katz (1971) was the first
to recognize that temperatures and pressures associated

with permafrost may fall within the stability field of gas
hydrates (fig. 1). Gas hydrates can occur not only in
permafrost but also below the base of permafrost at
temperatures above the freezing point of water.

Significant quantities of gas hydrates have been
detected in several permafrost regions of the world,
including western Siberia (Makogon, 1981), the Mac-
kenzie Delta of Canada (Bily and Dick, 1974), and the
North Slope of Alaska (Galate and Goodman, 1982;
Collett, 1983; Collett and others, 1988). Estimates of
worldwide gas-hydrate resources in permafrost regions
are as high as 10'® m® of methane (Potential Gas Agency,
1981), an estimate large enough to stimulate interest in
gas hydrates as a possible energy source. Gas hydrates
also may be a potential drilling hazard because they can
cause sediment instability and high pressures in a bore-
hole.

In 1983 the U.S. Geological Survey and U.S.
Department of Energy developed the North Slope
Alaska Gas-Hydrate Research Project. Phase I of this
project, completed in 1988, dealt with the evaluation of
existing data in an attempt to delineate gas-hydrate
occurrences in northern Alaska (fig. 2) and to evaluate
the physical properties controlling gas-hydrate distribu-
tion. Phase II activities are a continuation of phase I,
except that the major emphasis is to obtain new data
through an active field study program. The field research
includes temperature and borehole gravity surveys, for-
mation water sampling and analysis, and geologic/
geochemical sampling and analysis of wells and outcrops.

One of the primary objectives of the project is to
develop a model that describes the possible origin of gas
hydrate on the North Slope. Various mechanisms for
gas-hydrate formation have been postulated as reviewed
by Pratt (1979) and Makogon (1981). One theory sug-
gests that gas hydrates could be part of a preexisting gas
reservoir, later solidified in place. Another theory sug-
gests that a gas-hydrate accumulation could form by a
flow of free gas into the zone of gas-hydrate stability.
Migrating free gas may also be trapped at the base of the
ice-bearing permafrost and converted to gas hydrate. Gas
hydrates are sometimes found closely associated with

The Origin of Natural Gas Hydrates on the North Slope 3



decaying biomatter, such as coal, which may serve as a
gas source. These various schemes of gas-hydrate forma-
tion can be grouped into two end-member models.

Model 1: Conversion of a preexisting gas field into
a gas hydrate by a favorable change in temperature or
pore pressure (fig. 34).

Model 2: Formation of gas hydrate by continuous
migration of either microbial or thermogenic gas from
below into the zone of gas-hydrate stability (fig. 3B).

Relatively little is known about the history of
gas-hydrate formation on the North Slope of Alaska.
However, recent geologic and geochemical studies from
the Prudhoe Bay-Kuparuk River area have provided us
with new insights into the geologic parameters control-
ling the distribution of gas hydrates. The primary pur-
pose of this report is to present a model which best
describes the origin of gas hydrates in northern Alaska.

GEOLOGIC SETTING

The rocks of the North Slope can be conveniently
grouped into three sequences that reflect major episodes
in the tectonic development of the region. Defined on the
basis of source area, these sequences proposed by

Lerand (1973) and applied to northern Alaska by Grantz
and others (1975) are, in ascending order, the Franklin-
ian sequence (Cambrian through Devonian), the Elles-
merian sequence (Mississippian through Jurassic), and
the Brookian sequence (Cretaceous to Holocene).

The petroleum-bearing stratigraphic section in the
Prudhoe Bay-Kuparuk River area includes the Ellesmer-
ian and Brookian sequences. The Ellesmerian sequence
consists of carbonate and siliciclastic rocks derived from
a source terrane that was once north of the present
coastline. The Prudhoe Bay oil field is the primary oil
accumulation in the Ellesmerian sequence, with produc-
tion from the Sadlerochit Group which also includes a 26
tcf (trillion cubic feet) gas cap. The Lisburne and Ku-
paruk River oil fields also occur within the rocks of the
Ellesmerian sequence. The Brookian sequence consists
only of siliciclastic rocks derived from the Brooks Range
to the south. The principal oil accumulations in the
Prudhoe Bay-Kuparuk River area, of the Brookian se-
quence, are in the West Sak and Ugnu sands. These two
informal names are used by ARCO to identify a series of
heavy-oil-bearing sandstone units in the Kuparuk River
area (Werner, 1987). All of the suspected gas-hydrate
occurrences are within the Brookian sequence (Collett
and others, 1988).
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Figure 1. Gas-hydrate phase diagram for Northwest Eileen State-2 well on North Slope of
Alaska, showing zone in which gas hydrates may occur. Hydrate is assumed to be composed
of pure methane and pure water. Geothermal gradient is 1.9 °C/100 m above base of ice-bearing
permafrost and 3.2 °G/100 m below it. Location of well shown on figure 2.
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Petroleum geochemical information and interpre-
tation of oil types (Magoon and Claypool, 1981) and
oil-source rock correlations (Scifert and others, 1979)
indicate that the oil in the Prudhoe Bay-Kuparuk River
area is from the same source rocks, the Shublik Forma-
tion, Kingak Shale, and to a lesser extent, the (informal)
pebble shale unit. In late Early Cretaceous time, these
source rocks were mature in the western part of the
North Slope area. Maturity progressed eastward toward
the Barrow Arch in the Prudhoe Bay area, a structural
high during the Early Cretaceous. Oil and gas migrated
to the Prudhoe Bay area and accumulated in the Prudhoe
Bay, Lisburne, and Endicott oil fields until middle Ter-
tiary time. Sometime during the Tertiary, this trap was
tilted to the northeast, and oil apparently migrated up
faults at the west end of the Prudhoe Bay oil field into the
Kuparuk River and West Sak-Ugnu reservoirs (Carman
and Hardwick, 1983). The spatial relations between the
major oil accumulations, the inferred gas-hydrate occur-
rences, and major fault zones are shown on the map in
figure 2 and on the cross section in figure 4.

GAS-HYDRATE OCCURRENCES

The only confirmed natural-gas-hydrate sample
from the North Slope was obtained in 1972 in a core

recovered by ARCO and Exxon (reviewed by Collett and
Kvenvolden, 1987). The sample was from a depth of 666
m in the Northwest Eileen State-2 well (fig. 2), located in
the Prudhoe Bay oil field. Indirect evidence from drillers
and open-hole geophysical well logs strongly suggests the
presence of numerous gas-hydrate-bearing layers in the
area of the Kuparuk River and Prudhoe Bay oil fields
(Collett, 1983; Collett and others, 1988).

We examined 445 North Slope wells for potential
gas-hydrate occurrence. Most of the wells are from the
Prudhoe Bay-Kuparuk River area; however, we also
reviewed all wells from the National Petroleum Reserve
in Alaska (NPRA) and most of the exploratory wells to
the south and east of Prudhoe Bay. Data used included
well logs, well histories, drilling reports, core descrip-
tions, and production tests. This review revealed that gas
hydrates occur in at least 39 of the surveyed wells, all
from the Prudhoe Bay-Kuparuk River area. The resistiv-
ity and acoustic transit-time well logs and the gas chro-
matograph on the mud log proved to be the most useful
tools for identifying suspected in situ gas hydrates.

All of the gas hydrates occur below the base of a
siltstone unit that was deposited during a basinwide
marine transgression in Eocene time. All of the known
and suspected gas hydrates occur in sandstone reservoirs
of the Saganavirktok Formation (Brookian sequence).
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Figure 2. Distribution of in situ gas hydrates and oil occurrences in Prudhoe Bay-Kuparuk River area. West Sak
and Ugnu oil fields are shown as a single accumulation, enclosed by a dashed line. Major fault zones are
indicated by bold lines; direction of dip shown by arrow. Oil well locations are shown by solid circles.
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These sandstones were likely deposited as point bars and
distributary mouth bars in a delta-plain environment
(Collett and others, 1988). Most of the gas hydrates
occur in six laterally continuous sandstone and conglom-
erate units and are geographically restricted to the east
end of the Kuparuk River oil field and the west end of the
Prudhoe Bay oil field (figs. 2, 4). Many wells have
multiple gas-hydrate-bearing units, with individual oc-
currences ranging in thickness from 2 to 28 meters. Most
of the gas hydrates occur below the base of ice-bearing
permafrost; however, mud logs from wells in the Ku-
paruk River oil field suggest that several of the gas-
hydrate-bearing units extend up-dip into the ice-bearing
permafrost sequence. A significant volume of oil is
contained in one of the gas-hydrate intervals, in both the
Kuparuk River area and Prudhoe Bay area. Well logs
and drill-cuttings analysis have also revealed the presence
of numerous thick coal seams closely associated with
several of the gas-hydrate-bearing units.

SOURCE OF THE GAS WITHIN THE IN SITU
GAS HYDRATES

To characterize the source of the gas trapped
within the North Slope gas-hydrate occurrences, we
reviewed the geochemical data from the cored gas

A
5 A 4
SRS Decreasing
\ temperature
1 Trapped preexisting
gas field converted to hydrate
as temperature drops
A °
2|2
e
227
Base of ice-bearing Gas %13
permafrost hydrate S1e
R—o—K
Free gas

Figure 3. Examples of models of gas-hydrate formation. A ,
Model 1: Conversion of preexisting gas field trapped within
anticlinal structure (1) into a gas-hydrate accumulation by a
decrease in temperature (2). B, Model 2: Formation of gas
hydrates within monoclinal porous rock units by migration
(arrows) of microbial (a) or thermogenic (b) gas into preex-
isting pressure-temperature regime in which gas hydrates
are stable.

hydrate in the Northwest Eileen State-2 well. We also
collected and geochemically analyzed drill cuttings from
seven wells drilled in the Prudhoe Bay and Kuparuk
River oil fields.

Gas analyses of the gas-hydrate-bearing cores from
the Northwest Eileen State-2 well indicated that methane
is the primary hydrocarbon gas within the cored gas
hydrates (reviewed in Collett and others, 1988). Because
methane was the only hydrocarbon gas detected in sig-
nificant amounts, it can be assumed that the C,/(C,+C,)
ratio of gases from the gas-hydrate cores is much greater
than 1,000, suggesting the presence of mainly microbial
gas. No isotopic data are available, however, to support
this interpretation of source.

In the Kuparuk River Unit 2D-15 production well,
one of the seven wells sampled for this project, we infer
that a 30-m-thick interval contains gas hydrates (Collett
and others, 1987). The occurrence of gas hydrates is
suggested by the release of unusually large amounts of
methane as indicated on the mud log and an increase in
transit-time velocity and electrical resistivity on the well
logs. Headspace-gas analysis (table 1) of canned drill
cuttings from the Kuparuk River 2D-15 well reveal
methane to propane-plus-ethane ratios (C,/[C,+GC;])
typical of microbial gas, with values ranging from 3,300 to
14,500. In contrast, the carbon isotopic composition of
the methane indicates the presence of thermogenic gas
with *C/**C isotope values of approximately —49 per-
mil, Stable-carbon isotopic compositions of —50 permil
and heavier suggest that the gas was thermally generated.
Vitrinite reflectance (R,) measurements of about 0.4
percent show that the gas-hydrate-bearing sediments
have never been subjected to temperatures within the
thermogenic window. Thus, the thermogenic gas must
have migrated from greater depths, and the gas hydrate
may contain a mixture of microbial and thermogenic
gases.

NORTH SLOPE GAS-HYDRATE MODEL

In developing a model for the origin of gas hydrates
on the North Slope of Alaska, we must account for the
following observations pertaining to the distribution of
the gas hydrates: (1) All the gas hydrates found to date
are near the eastern boundary of the Kuparuk River oil
field and extend into the west end of the Prudhoe Bay oil
field, an area cut by faults extending deep into the
stratigraphic section (fig. 2); (2) gas hydrates are present
in a series of sandstone units that dip gently to the
northeast; (3) all the gas hydrates are below a relatively
impermeable marine siltstone sequence; (4) gas hydrates
commonly occur near coal sequences; (5) oil and tar are
found within one inferred gas-hydrate-bearing interval;
and (6) methane is the prominent gas in the near-surface
sediments (0-1,500 m).

6 Geologic Studies in Alaska by the U.S. Geological Survey, 1988



Carman and Hardwick (1983) postulated that oil
within the West Sak and Ugnu sands migrated along
faults from the underlying Prudhoe Bay oil field. If this
theory is correct, free gas from within the Sadlerochit
reservoir and dissolved gas associated with oils would
also have migrated into the overlying sedimentary rocks.
As shown in figures 2 and 4, most of the gas hydrates and
shallow heavy oils occur either up-dip from or near the
Eileen fault zone. This fault zone may have acted as a
conduit for free-gas and oil migration from deeper
hydrocarbon accumulations. The gas within the gas cap
of the Prudhoe Bay oil field is composed primarily of
methane (75 to 85 percent) along with small quantities of
ethane (5 to 7 percent) and propane (2 to 4 percent). If
gas within the near-surface sediments migrated from
deeper structures, these shallow gases should have geo-
chemical constituents similar to those of the deep gases.
However, no significant amounts of ethane or propane
were detected within the stratigraphic interval of gas-
hydrate stability. The depletion of heavier hydrocarbons
such as ethane and propane from gases by stripping
during migration has been suggested by Schoell (1983)
and Jenden and Kaplan (1986) to explain natural gases
containing thermogenic methane but only minor
amounts of heavier hydrocarbons. The thermogenic

component of the gas within the stratigraphic interval of
gas-hydrate stability may have been stripped of most of
its heavier hydrocarbons. Such a process could account
for the molecular and isotopic compositions observed.
The presence of thermogenic gas, as indicated from the
carbon isotopic analysis of drill cuttings, supports the
theory that gas has migrated into these units from the
underlying accumulations, possibly along the Eileen or
related faults. The presence of oil within one of the
gas-hydrate-bearing units supports the theory that oil and
gas must have migrated from the underlying Prudhoe
Bay or Kuparuk River oil fields. A second geochemical
feature of gas hydrates that may be important is the
relation between coal and gas. Gas hydrates are known to
occur in close proximity to several thick coal sequences in
the Kuparuk River area. Microbial alteration of the
organic matter in these coals may have supplied a signif-
icant volume of methane to the gas hydrates.

To describe the history of gas-hydrate formation,
we have adapted a generalized cross section from Car-
man and Hardwick (1983; fig. 4). As gas moved up the
Eileen fault zone and encountered relatively porous and
permeable northeast-dipping sandstone units, some of
the gas may have been rechanneled up-dip along these
beds. The up-dip migrating gas may have collected in

BROOKIAN
SEQUENCE

|

ELLESMERIAN
SEQUENCE

Gas-hydrate
stability field

KUPARUK RIVER |
West OIL FIELD

PRUDHOE BAY
OIL FIELD

East

EXPLANATION

Gas hydrate

w255 Free gas

oil

<= Migration path

—-— Base of marine
shale sequence

Figure 4. Schematic west to east cross section through Prudhoe Bay-Kuparuk River area
illustrating possible gas migration paths and spatial relations between gas hydrates, gas, oll,
Eileen fault zone, base of ice-bearing permafrost (BIPF), and gas-hydrate stability field
(adapted from Carman and Hardwick, 1983, fig. 13).
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Table 1. C,/(C,+C;) ratios and methane
8C/12C isotopic compositions for the Kuparuk
River Unit 2D-15 well

Sample Depth C/C,+C,) »erc
(ft) (ratio) {permil)!

270 28 —

360 81 —

450 26 —

540 322 —

630 609 —

720 383 —

810 481 —

900 676 —

990 815 —
1,050 1,287 —
1,110 2,479 -39.3
1,170 3,630 —49.6
1,230 4,222 —48.9
1,290 5,935 -50.0
1,350 5,885 —49.1
1,470 14,579 —46.6
1,530 12,733 —
1,650 7,060 -41.2
1,770 4,456 —
1,830 704 —
1,890 4,926 —
1,950 3,588 —
2,160 24 —
2,220 61 —
2,280 1,415 —
2,400 13 —
2,500 3,381 -38.6
2,560 322 —
2,680 838 —
2,740 1,352 —
2,860 826 —
2,920 19 —
2,980 9 —
3,040 5 —
3,100 6 —
3,160 23 —

Relative to the PDB standard.

structural or stratigraphic traps where subsequent tem-
perature changes deepened the permafrost sequence and
converted the trapped gas into hydrate. Conversely, the
up-dip migrating gas may have converted to gas hydrate
upon entering the pressure-temperature regime of gas-
hydrate stability, thus forming its own trap. Because so
little is known about the history of temperatures on the
North Slope and the presence of traps for free gas in this
area, either of these scenarios is plausible. However, we
speculate that gas hydrates presently occur more than
160 m above the base of ice-bearing permafrost, which is
assumed to be impermeable (Jamison and others, 1980;
Collett and others, 1988). Therefore, when gas migrated
into these upper horizons, the base of the ice-bearing
permafrost must have been at least 160 m shallower than
today.

Since the onset of gas migration into these near-
surface horizons (middle Tertiary time), temperatures
have fluctuated significantly. Regional temperature
changes during the last 2 to 3 million years have been
great enough to repeatedly thicken and thin the zone of
gas-hydrate stability; however, the magnitude of these
changes is not known. It is known that a surface water
body of depth sufficient to prevent complete freezing
inhibits or prevents the formation of permafrost
(Lachenbruch, 1957). Therefore, we must consider the
paleopositions of the coastline of the Arctic Ocean.
Certainly more work is needed to establish the history of
subsurface temperatures on the North Slope.

An additional observation which strengthens the
idea that migrating gas was involved with gas-hydrate
formation is that all of the gas hydrates occur regionally
below a marine siltstone sequence. This relatively imper-
meable rock sequence may act as a barrier to vertical gas
migration, thus controlling the distribution of gas hy-
drate. Such a barrier may explain why no gas hydrates are
present in the eastern part of the Prudhoe Bay oil field.
Because of the regional northeastward dip, all potential
gas-hydrate-bearing units in the Prudhoe Bay area occur
below the zone of gas-hydrate stability. Thus, a limited
supply of gas to the zone of gas-hydrate stability prevents
hydrate formation.

CONCLUSION

Given our present understanding, two possible
explanations for the origin of the gas hydrates in the
Prudhoe Bay-Kuparuk River area are recognized. (1)
Thermogenic solution gas and free gas from reservoirs of
the Prudhoe Bay oil field migrate upward along the
Eileen and other fault zones into the overlying shallow
sedimentary rocks. In these rocks, in situ microbial gas
mixes with the thermogenic gas, causing total gas con-
centrations to reach amounts that trigger gas-hydrate
formation within the zone of gas-hydrate stability. (2)
Concentration of in situ and migrated gas in shallow traps
which initially were outside the zone of gas-hydrate
stability, but moved into that zone in response, for
example, to climate cooling, causes gas hydrates to form
both within and beneath permafrost.
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Age and Chemical Composition of
Proterozoic Intrusive Rocks at Mount Angayukagsragq,

Western Brooks Range, Alaska

By Susan M. Karl, John N. Aleinikoff, Closey F. Dickey, and John T. Dillon

Abstract

The intrusive rocks in the metamorphic complex near
Mount Angayukagsraq in the northeastern Baird Mountains
quadrangle, western Brooks Range, Alaska, consist mainly
of cumulate leucogabbro and gabbro, with subordinate
younger granodiorite and alkali feldspar granite. Both the
gabbroic and granitic rocks are massive, but locally have
foliated zones attributed to high strain. A variety of relict
igneous textures are preserved, but most primary minerals
have been replaced by products of alteration or metamor-
phism. The gabbroic rocks have high alumina contents. The
granitic rocks are highly evolved (SiO, greater than 75 weight
percent; Rb/Sr ratios 6.1 to 22.0 ) and mildly peraluminous,
and show trace-element signatures typical of granites formed
in a within-plate tectonic setting. Both the gabbros and
granites show similar patterns of light/heavy rare-
earth-element fractionation, with only minor heavy rare-earth-
element depletion, suggesting that both were derived from a
similar undepleted source.

Uranium-lead zircon dating of three granitoids from the
gabbro-granite intrusive bodies in the metamorphic complex
at Mount Angayukagsraq suggests that igneous crystalliza-
tion occurred at 750+ 6 Ma. This confirms earlier interpreta-
tions of a Late Proterozoic age for these rocks and provides
a likely upper limit for the age of amphibolite-facies metamor-
phism of the country rocks. Deformation and metamorphic
minerals in the igneous rocks are attributed to upper Meso-
zoic Brookian blueschist/greenschist-facies metamorphism,
which overprints the amphibolite-facies metamorphism of the
country rocks.

INTRODUCTION

The intrusive rocks near Mount Angayukagsraq in
the Baird Mountains quadrangle in the western Brooks
Range were briefly described by Mayfield and others
(1982). This report is the first detailed description of
these rocks. A companion paper (Till, this volume)
presents the first detailed description of the associated
metamorphic rocks.

Gabbroic and granitic rocks compose the intrusive
rocks in the metamorphic complex at Mount Angay-
ukagsraq (fig. 1). The surrounding metasedimentary and

metavolcanic country rocks have been metamorphosed
to amphibolite facies and have yielded a range of K-Ar
and Rb-Sr mineral (cooling) ages (Turner and others,
1979; Armstrong and others, 1986), suggesting that
metamorphism occurred in a Late Proterozoic thermal
event. These are the oldest known metamorphic rocks in
the Brooks Range. The age of the intrusive rocks pro-
vides important constraints on the minimum age of the
sedimentary host rocks and on the timing of Proterozoic
metamorphism. The 750 + 6-Ma U-Pb zircon age report-
ed in this study supersedes the preliminary 820 +30-Ma
age reported by Dillon and others (1987), for which
analytical data were not published and cannot be recov-
ered.

REGIONAL GEOLOGIC SETTING

The metamorphic complex at Mount Angayukaqgs-
raq is located near the western end of the Brooks Range
fold and thrust belt (fig. 1). It is part of an antiformal
duplex that represents the westernmost exposure of the
structural core of the Brooks Range. To the south and
west, this antiformal structure plunges beneath thrust
sheets of compositionally diverse schist and pelitic schist
constituting the schist belt. To the west thrust sheets
composed of clastic rocks of the Endicott Group and
carbonate rocks of the Baird Group structurally overlie
the schist belt rocks, and to the north the Endicott Group
rocks overliec the Proterozoic and Paleozoic rocks asso-
ciated with the metamorphic complex. The stratigraphic-
ally oldest rocks of the structural core, including the
Proterozoic rocks, extend nearly 800 km to the east,
forming part of the parautochthon (Mayfield and others,
1983), also known as the Hammond terrane (Jones and
others, 1984), the Skajit allochthon (Oldow and others,
1987), and the central belt (Till and others, 1988).
Mayfield and others (1983) inferred that the basement
represented by the parautochthon might also be dis-
placed, and this has been confirmed by recent mapping in
the Baird Mountains quadrangle (fig. 2). The Late Pro-
terozoic rocks at Mount Angayukagsraq are imbricated
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with thrust sheets of lower to middle Paleozoic calcare-
ous, volcanic, and siliceous clastic rocks (fig. 3), and the
imbricate package is thrust over less deformed and less
metamorphosed middle to upper Paleozoic carbonate
and clastic rocks.

During the Brookian orogeny, the Proterozoic
rocks were deformed in a ductile environment and
thrusted northward under conditions transitional to brit-
tle deformation (Till and others, 1988), as indicated by
ductile structures that are cut by brittle structures with
lineated crossite-bearing surfaces. The timing of the Late
Jurassic to Early Cretaceous blueschist-facies metamor-
phism is constrained by stratigraphic relations (Mayfield
and others, 1983) and by 85- to 100-Ma K-Ar mineral
(cooling) ages (Turner and others, 1979) from rocks
elsewhere in the central belt.

INTRUSIVE ROCKS

Intrusive rocks in the metamorphic complex at
Mount Angayukaqsraq and covering approximately 4

160°

square kilometers are made up of approximately 70
percent gabbro and leucogabbro and 30 percent grano-
diorite and alkali feldspar granite (Streckeisen, 1976).
They consist of one main, dominantly gabbroic, compos-
ite body on the peak and west shoulder of Mount
Angayukaqgsraq and several outlying bodies of granite
(fig. 2). The granitic rocks crosscut the gabbroic rocks in
several places and are consequently inferred to be the
younger of the intrusions. Granitic pegmatite also cuts
the gabbro at locality 7 (fig. 2). Both granitic and
gabbroic rocks show clearcut intrusive relationships with
the country rock, and layered metasedimentary and
metavolcanic rocks (some of which are hornfelsed) occur
as xenoliths and screens 1 to 20 m thick within the
outcrop area of the intrusive rocks. Dikes of gabbro,
granite, aplite, granite pegmatite, and hornblende-
plagioclase pegmatite up to several meters thick also
intrude the country rocks.

The gabbroic rocks (color index 28 to 60) contain
clinopyroxene and hornblende, generally replaced by
epidote, actinolite and an additional pale-colored amphi-
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Figure 1. Northern Alaska showing locations of intrusive rocks at Mount Angayukagsraq, Ernie Lake, and
Sixtymile River within central belt of the Brooks Range.
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bole, and iron oxides or pyrite. Plagioclase is completely
altered to mats of fine-grained clinozoisite. Accessory
minerals include rutile and apatite. The granitic rocks
contain abundant microcline and perthite, with minor
biotite, stilpnomelane, and trace amounts of iron oxides
(color index approximately 10). Accessory minerals in-
clude metamorphic white mica, zircon, sphene, apatite,
and igneous(?) garnet. The metamorphic minerals are
attributed to late Mesozoic Brookian metamorphism.
In contrast to the generally well foliated country
rocks, the intrusive rocks lack a penetrative fabric. They
are typically massive, medium grained, and inequigranu-
lar and have relict igneous textures, such as evenly
distributed subhedral to euhedral mafic minerals, igne-
ous inclusions showing primary variations in grain size,
and zones of differing proportions of mafic and felsic
minerals. Igneous textures are locally very inhomoge-
neous. Gneissic layering is not developed. The igneous
rocks are locally well foliated near contacts and in shear
zones; in thin section these rocks reveal mortar textures
consistent with fabric development in high-strain zones.
This style of deformation is similar to that accompanying
the Brookian orogeny (Till and others, 1988) and is
attributed here (along with crystallization of white mica
and stilpnomelane in the granites) to that event. Most
dikes within the country rocks parallel compositional
layering and foliation, though some zones of amphibolite

1 to 5 m thick that may originally have been mafic dikes
crosscut the layering and foliation. Igneous intrusion thus
may have postdated the main phase of Proterozoic de-
formation, but may have predated amphibolite-facies
crystallization.

METAMORPHIC ROCKS

The metamorphic country rocks at Mount Angay-
ukaqsraq consist of siliceous and pelitic schist, quartzite,
metabasite, and calcareous schist. Siliceous schists in-
clude quartz-muscovite schist, quartz-feldspar schist, and
garnet (dark brown 2-mm porphyroblasts)-chlorite-
muscovite-quartz schist. The metabasite includes actino-
lite schist, amphibolite, and garnet (red, up to 1.5-cm
porphyroblasts) amphibolite. In addition to the calcare-
ous schist, which consists of quartz, epidote, plagioclase,
amphibole, and garnet (Till, this volume), there are
minor amounts of garnet-albite-quartz-diopside skarn
and coarsely crystalline gray marble. Compositional lay-
ering in the country rocks changes on a centimeter to
meter scale. Locally the rocks are crenulated and isocli-
nally folded. The country rocks were metamorphosed to
amphibolite facies in the Proterozoic and subsequently
locally overprinted by late Mesozoic Brookian blueschist-
greenschist-facies metamorphism (Till and others, 1988).

Figure 3. Thrust fault contact of Late Proterozoic granite (fig. 2, loc. 1) and lower to middle Paleozoic marble

(DOc, fig. 2). Contact indicated by dashed line.
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Table 1. Normalized chemical analyses (in weight percent) for major oxides for samples from the

intrusive rocks at Mount Angayukaqgsraq

[Samples analyzed by U.S. Geological Survey, Menlo Park, Calif. Locality numbers refer to figure 2. Rock types are
assigned based on counts of approximately 1,000 points on stained rock slabs that were plotted on the compositional

fields of Streckeisen (1976)]

Locality 8B 9 6 4B 3A 3B
Sample 84SK211A 84SK211B 84SK213A 84SK214B 84SK215A 84SK215C
Rock type Leucogabbro Gabbro Gabbro Leucogabbro Leucogabbro Leucogabbro
SiOy 49.36 48.34 48.91 50.45 48.91 50.15
Al203 18.21 18.06 16.34 19.05 18.16 24.05
Fe203 1.84 2.16 2.42 1.73 1.94 1.62
FeO 6.17 6.60 7.90 4.82 6.71 3.51
MgO 8.72 7.37 6.62 7.02 8.40 4.28
CaO 12.52 13.65 12.95 12.77 12.07 11.77
NagO 2.20 1.80 221 3.07 2.68 4.06
K20 .37 .81 .87 44 .33 09
TiO2 41 .98 1.39 48 .63 35
P205 .05 .08 21 05 .05 05
MnO wld .15 i) .11 11 .07
Total 99.97 100.00 100.01 99.99 99.99 100.00
Locality 2 8A 4A 5 1B 1A
Sample 84SK216A 78Md120 84SK214A 85SK163A 85SK165C 78Md119
Rock type Gabbro Granodiorite Alkali Alkali Alkali Alkali
feldspar feldspar feldspar feldspar
granite granite granite granite
Si0y 48.61 54.51 76.16 76.45 77.07 75.74
Al203 13.90 19.32 12.36 12.37 12.68 13.15
FepO3 2.89 1.85 1.53 1.17 .64 40
FeO 11.02 8.45 65 59 .18 65
MgO 7.92 2.59 16 21 12 .69
CaO 10.61 6.71 .34 21 .02 1.08
Na20 2.34 4.18 2.98 2.98 3.06 .68
KoO .39 1.18 5.56 5.77 5.96 7.23
TiOg 1.96 075 .19 18 +19 22
P20O5 .14 .23 .05 05 .05 06
MnO .22 .23 .02 .02 .02 .08
Total 100.00 100.00 100.00 100.00 99.99 99.98
CHEMICAL COMPOSITION ation is less than that typical of granites derived from arc

Major-element chemistry (table 1) shows that the
gabbroic rocks have high Al,O, contents (up to 24 weight
percent). The granites are highly evolved, with greater
than 75 weight percent silica, high Rb/Sr ratios (6.1 to
22.0), and a mildly peraluminous character.

Rare-earth-element trends (table 2, fig. 4) have low
(for the gabbroic rocks) to moderate (for the granitic
rocks) total REE abundances. The gabbroic rocks have a
small positive europium anomaly, whereas the granites
have a moderate negative europium anomaly. Both gab-
broic and granitic rocks have similar trends of low
fractionation of light/heavy REE; the chondrite-
normalized La/Lu ratio for the granites ranges from 1.52
to 1.73, and the ratio for the gabbros ranges from 1.34 to
2.16. The REE data are consistent with a cumulate origin
involving plagioclase accumulation for the gabbros. The
similar slight fractionation of light and heavy REE sug-
gests that both gabbroic and granitic rocks were derived
from a similar weakly fractionated source. The fraction-

magmas (see for instance Cullers and Graph, 1984). On
Nb/Y and Rb/Nb+Y diagrams of Pearce and others
(1984), the granites plot within the field of within-plate
granites (fig. 5).

GEOCHRONOLOGY

Three samples were dated by the U/Pb zircon
method (table 3). Four size fractions of zircon were
analyzed from granite sample 85Dn24, collected about 4
km northwest of the main body of granite at Mount
Angayukagsraq (loc. 1C, fig. 2). In addition, one size
fraction was analyzed from a granodiorite sample
85Dn19, a recollection of sample 78Md120 analyzed by
J. Dillon, which crosscuts layered metamorphic rocks at
Mount Angayukaqsraq (locs. 8A, 8C, fig. 2).

Zircons from the granite are subhedral to euhe-
dral, light to medium brown, and stubby, with length-
to-width ratios (I/w) of 1/1 to 3/1. Zircons from the
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Table 2. Data for minor and rare earth elements (in parts per million) for samples from the intrusive rocks

at Mount Angayukaqgsraq

[Samples analyzed by U.S. Geological Survey, Menlo Park, Calif., and Denver, Colo. Locality numbers refer to figure 2]

Locality 9 6 4B 2 4A 5 1B
Sample 84SK211B 84SK213A 84SK214B 84SK216A  84SK214A  85SKI63A  85SK165C
Rock type Gabbro Gabbro Leucogabbro Gabbro Alkali Alkali Alkali
feldspar feldspar feldspar
granite granite granite
Sc 39.0 46.6 30.0 39.9 1.19 0.984 7.17
Cr 139 617 196 34.1 <l.4 0.919 2.50
Co 38.3 317 36.5 50.4 0.808 0.684 1.07
Ni 59.9 81.7 66.3 37 14 9.93 6.00
Cu 67 89 99 73 3 20 20
Zn 70 94 120 64.8 26.1 24.2
Rb 34.6 34.6 20.2 14.4 183 165 220
Sr 280 240 280 390 30 20 10
Y 13 15 10 18 85 66 60
zr 84.7 98 36 58 425 295 280
Nb 10 10 10 10 42 46 28
Sb 420 .398 998 .704 .130 .0937 127
Cs 648 .700 833 41 2.75 2.10 3.45
Ba 116. 214, 144, 157. 544. 449, 552.
La 5.42 10.2 2.84 5.92 88.7 85.1 51.3
Ce 13.3 22.3 7.32 13.9 197 175 112
Nd 8.18 13.3 4.70 10.2 94.9 80.7 47.2
Sm 2.25 3.61 1.25 3.33 18.9 14.6 9.83
Eu 1.02 1.62 708 1.57 1.87 1.67 736
Gd 2.74 4.23 1.42 3.86 18.3 10.5
Tb 420 652 211 648 2.94 2.01 1.60
Tm 218 .301 110 326 1.67 949 878
Yb 1.26 1.74 647 1.99 9.41 5.95 5.34
Lu .182 248 .090 290 1.33 832 720
Ta .368 559 .167 547 3.38 2.88 2.67
Th 720 2.07 370 .369 21.2 18.2 20.0
Hf 1.49 2.05 743 1.45 12.5 9.11 9.02
U .190 279 117 2.34 2.83 1.69
granodiorite are subhedral to euhedral and clear to light
brown, with I/w of 2/1 to 5/1. Some terminations of
zircons from both samples are rounded, and most faces
1000 —T—T—T—T—T—T—T—T—T—T—TF—T—T—T are pitted. This morphology suggests igneous growth
" modified by metamorphism.
= In the U-Pb data listed in table 3 and plotted on
5 figure 6, uncertainties are listed for Pb/U ratios of
(Z) 100 samples analyzed at the Branch of Isotope Geology, U.S.
5 Geological Survey, Denver, Colo. Data for zircon frac-
g tions in sample 78Md120 (loc. 8A, fig. 2) were deter-
o mined by J.T. Dillon at the University of California,
8 10 Santa Barbara, and uncertainties are assumed to be 0.75
- percent. Chemical procedures and mass spectrometry
5 are described in Aleinikoff and others (1986). Zircons
I from the granodiorite have relatively low uranium con-
= [T N B O DA O N N O B O centrations (about 69-253 ppm U) and are only slightly
LaCe Nd SmEuGdTb TmYb Lu discordant. Zircons from the granite contain much more

RARE EARTH ELEMENTS

Figure 4. Plot of chondrite-normalized rare-earth-element
distribution in igneous rocks from Mount Angayukagsrag.
Ruled pattern represents three granite samples. Stippled
pattern represents four gabbro and leucogabbro samples.
Sample data listed in table 2. Chondrite data from Anders
and Ebihara (1982).

uranium (about 726-1,321 ppm U), and Pb/U ages are
about 50 percent discordant. *°’Pb/*°°Pb ages for three
of four size-fractions from the granodiorite are identical
within analytical uncertainty. A best-fit line calculated
through these three fractions has intercept ages of about
750 =6 and 40+ 170 Ma. Based on zircon morphology,
U-Pb systematics, and field relations with dated meta-
morphic rocks, we interpret the upper intercept age as
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the time of intrusion of the granodiorite. The fourth split
has a slightly older *°’Pb/*°°Pb age of 764 Ma, possibly
due to minor inheritance of radiogenic lead.
297Pb/*°°Pb ages of zircon in the granite range from
639 to 735 Ma. Due to scatter and high degree of
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Figure 5. Distribution of geochemical data for granitic rocks
at Mount Angayukagsraqg for Nb versus Y and Rb versus
Y+Nb on discrimination diagrams of Pearce and others
(1984). Fields indicated are for syncollision (COLG), volcanic
arc (VAG), within-plate (WPG), and ocean ridge (ORG)
granites. Dashed line represents upper compositional
boundary for ORG from anomalous ridge segments. Element
content in parts per million. Closed triangles represent gran-
ite samples from Mount Angayukaqsraq and open triangle
represents granite sample from the body 4 to 5 km to the
northwest (fig. 2, locs. 1A-C).

discordance, we regard the 2°’Pb/*°°Pb age of 735 Ma in
the (—325+400) NM fraction, which has the lowest U
contents in sample 85Dn24 (table 3), as a minimum age
of growth of the zircons. The regression plotted in figure
6, calculated for the granodiorite, passes through the
data array for the granite. We suggest that the upper
intercept age of the granodiorite is probably also the time
of intrusion of the granite at Mount Angayukagsraq.
Because a similar granite (locs. 4A, 4B, and 5, fig. 2) to
the granite at localities 1 A-C (fig. 2) intrudes the gabbro
at Mount Angayukagsraq, this age is also considered to
be a minimum age for the gabbroic intrusive rocks. With
a crystallization age of about 750 Ma for the granitic
rocks, the lower intercept age would be about 70 Ma,
suggesting Cretaceous episodic lead loss. As no Creta-
ceous plutons are known in the area, the scatter of
sample 85Dn24 (loc. 1C, fig. 2) data may be due to the
effects of accumulated radiation damage to the crystal
lattice of the U-rich zircons in this sample or to open-
system behavior accompanying heterogeneous deforma-
tion and localized fluid circulation during Cretaceous
Brookian deformation and metamorphism. However, the
possibility of two Pb-loss events, perhaps one in the
Mesozoic and one more recently, cannot be ruled out.

DISCUSSION

The 750+ 6-Ma intrusive age for the granite and
granodiorite at Mount Angayukaqsraq provides impor-
tant constraints on the timing of Proterozoic metamor-
phism in the Brooks Range. Field relations described
above suggest that amphibolite-facies metamorphism
overprinted mafic dikes of uncertain relation to the
intrusive complex, but that the main phase of Proterozoic
deformation preceded intrusion. This could suggest that
emplacement of the intrusive rocks occurred late during
metamorphism or that there were two periods of Prot-
erozoic amphibolite-facies metamorphism, the earliest a
regional event (Till and others, 1988; Till, this volume)
and the later perhaps a local event related to igneous
intrusion. In the case of a single Proterozoic amphibolite-
facies event, the 750 = 6-Ma zircon age would approxi-
mate the time of metamorphism. If there were two
events, this age would provide a minimum age for
regional amphibolite-facies metamorphism. Widely
ranging K-Ar ages (Turner and others, 1979) and Rb-Sr
mineral ages (686+116 Ma, Armstrong and others,
1986) overlap, within uncertainties, the crystallization
age reported here and are consistent with metamorphism
occurring at about the same time as igneous emplace-
ment.

Age data presented here provide the most precise
and unambiguous constraint on the Late Proterozoic age
of magmatism and metamorphism in the Brooks Range.
Granitic rocks in the metamorphic complex at Mount
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Table 3. Uranium-lead concentration and composition data from zircon from granitic rocks at Mount Angayukaqgsraq

Concentration Pb composition? Ratios (percent error)® Ages (Ma)*
Weight (ppm)
Fractionl (mg) 206Pb 206Pb 106Pb 205Pb 207Pb 207Pb IOSPb 207Pb 207Pb
U Pb ZDJPb 207Pb ZOUPb 23lU IJSU ZOGPb 23GU IJSU ZDSPb
78Md120 (locality 8A, fig. 2) granodiorite
Zircon® 8.6 68.9 9.10 1987 13.99 4.669 0.1186 1.051 0.0642 723 729 750
Zircon® 38 1433 19.1 2908 14.36 4.876 1207 1.076 .0647 735 742 764
Zircon® 7.0 2532 319 20370 15.41 5.605 1169 1.035 .0640 713 721 748
85Dn19 (locality 8C, fig. 2) granodiorite {recollection of 78Md120]
(-150+200)0NMD  4.67 107.3 14.55 1869.4 13.899 43584  .1198(48) 1.061(.49) .0642(.12) 730 734 749
85Dn24 (locality 1C, fig. 2) alkali feldspar granite [recollection of 78Md119]

(-200+250) .67 847.2 54.95 834.97 12.522 3.8972  .0551(.56) .4756(.59) .0625(.17) 346 395 693
(-250+325)NM 4.61 861.9 57.65 920.57 12.773 4.0874  .0576(.48) .4968(.49) .0626(.10) 361 410 694
(-325+400)NM 4.70 726.3 49.80 1746.1 13.878 44432 0608(.50) .5345(.50) .0638(.07) 380 435 735
(-400) 72 1321 1104 407.06 10.355 3.1936  .0658(.78) .5529(2.3) .0610(2.1) 411 447 639

!Abbreviations: NM (non-magnetic), D (diamagnetic).

*Corrected for 1 nanogram laboratory blank and mass fractionation of 0.14+.05 percent atomic mass unit.
*20 errors where shown in parentheses. Otherwise, uncentainties assumed to be 0.75 percent.
‘Common lead corrected for using appropriate values from Stacey and Kramer (1975). Uranium decay constants from Steiger and Jiger

(1977).
Prepared and analyzed by J. Dillon.

Angayukagsraq have been correlated with the Ernie
Lake and Sixtymile River orthogneiss bodies in the
central Brooks Range (fig. 1) on the basis of broadly
similar Proterozoic *°’Pb/*°°Pb ages (Dillon and others,
1980; 1987). However, available isotopic age data for the
Ernie Lake and Sixtymile River bodies show a high
degree of discordance and scatter, such that crystalliza-
tion ages can be only roughly estimated to be Middle and
Late Proterozoic. The analyzed zircon fractions from
these rocks show evidence of inheritance of an older
crustal component (**’Pb/*°°Pb ages of 800 to 1,000 Ma,
Dillon and others, 1980). The lack of a significant inher-
ited component in the zircon fractions from granitic
rocks at Mount Angayukaqsraq may reflect differences in
source material, composition of the local country rocks,
or crustal level of emplacement or generation of the
magmas. Lithologic and chemical comparisons await
further study of the other Proterozoic rocks in the Brooks
Range.

CONCLUSIONS

The intrusive rocks at Mount Angayukaqsraq con-
sist dominantly of gabbro, which is locally intruded by
small bodies of granite and associated with bodies of
granite and granodiorite. A U/Pb age of 750 =6 Ma for
the granodiorite and granite are thus interpreted to
represent a minimum age for the gabbro. These rocks

provide the best evidence to date for the timing of
Proterozoic magmatism and amphibolite-facies meta-
morphism of the country rocks in the structural core of
the Brooks Range. Metamorphic minerals and cataclastic
textures in the intrusive rocks are attributed to
blueschist/greenschist-facies metamorphism that affect-
ed the metamorphic complex at Mount Angayukaqsraq
during Cretaceous Brookian deformation. Further stud-
ies and more precise geochronology will be necessary to
determine whether the Sixtymile River and Ernie Lake
orthogneiss bodies record different Proterozoic events
and different tectonic settings of deformation.

REFERENCES CITED

Aleinikoff, J.N., Dusel-Bacon, Cynthia, and Foster, H.L., 1986,
Geochronology of augen gneiss and related rocks,
Yukon-Tanana terrane, east-central Alaska: Geological
Society of America Bulletin, v. 97, p. 626-637.

Anders, Edward, and Ebihara, Mitsuru, 1982, Solar-system
abundances of the elements: Geochimica et Cosmochim-
ica Acta, v. 46, p. 2362-2380.

Armstrong, R.L., Harakal, J.E., Forbes, R.B., Evans, B.W., and
Thurston, S.P., 1986, Rb-Sr and K-Ar study of metamor-
phic rocks of the Seward Peninsula and Southern Brooks
Range, Alaska: Geological Society of America Memoir
164, p. 185-203.

Cullers, RL., and Graf, J L., 1984, Rare-earth-elements in
igneous rocks of the continental crust: Intermediate and
silicic rocks: Ore petrogenesis, in Henderson, Paul,, ed,,

Age and Chemical Composition of Intrusive Rocks at Mount Angayukaqsraq 17



Rare-earth-element geochemistry: Developments in
geochemistry: New York, Elsevier, v. 2, p. 277-316.
Dillon, J.T., Pessel, G.H., Chen, J.H., and Veach, N. C., 1980,
Middle Paleozoic magmatism and orogenesis in the
Brooks Range, Alaska: Geology, v. 8, p. 338-343.
Dillon, J.T., Tilton, G.R., Decker, J., and Kelly, M.J., 1987,
Resource implications of magmatic and metamorphic
ages for Devonian igneous rocks in the Brooks Range, in
Tailleur, I. L., and Weimar, Paul, eds., Alaskan North
Slope geology: Bakersfield, Calif., Pacific Section Society
of Economic Paleontologists and Mineralogists and
Alaska Geological Society, Book 50, p. 713-723.
Jones, D.L., Silberling, N.J., Coney, P.J., and Plafker, George,
1984, Lithotectonic terrane map of Alaska, in Silberling,
N.J., and Jones, D.L., eds., Lithotectonic terrane map of
the North American Cordillera: U.S. Geological Survey
Open-File Report 84-523, Part A, scale 1:2,500,000.
Mayfield, C.F., Silberman, M.L., and Tailleur, I.L., 1982,
Precambrian metamorphic rocks from the Hub Moun-
tain terrane, Baird Mountains quadrangle, Alaska, in
Coonrad, W.L., ed., The US. Geological Survey in

Alaska: Accomplishments during 1980: U.S. Geological
Survey Circular 844, p. 18-24.

Mayfield, C.F., Tailleur, I.L., and Ellersieck, Inyo, 1983,
Stratigraphy, structure, and palinspastic synthesis of the
western Brooks Range, northwestern Alaska: U.S. Geo-
logical Survey Open-File Report 83-779, 58 p.

Oldow, 1.S., Seidensticker, C.M., Phelps, J.C., Julian, F.E.,
Gottschalk, R.R., Boler, K.W., Handschy, J.W., and Avé
Lallement, H.G., 1987, Balanced cross-section through
the central Brooks Range and North Slope, Arctic
Alaska: Tulsa, American Association of Petroleum Ge-
ologists, 19 p., 8 plates.

Pearce, J.A., Harris, N.NB.W., and Tindle, A.G., 1984, Trace
element discrimination diagrams for the tectonic inter-
pretation of granitic rocks: Journal Petrology, v. 25, p.
956-983.

Stacey, J.S., and Kramer, J.D., 1975, Approximation of terres-
trial lead isotope evolution by a two-stage model: Earth
and Planetary Science Letters, v. 26, p. 207-221.

Steiger, R.H., and Jéger, E., 1977, Subcommission on geochro-
nology: Convention on the use of decay constants in geo-

T ] T T 1 L |
0.13~ MT ANGAYUKAQSRAQ
0.11 -
3 _ o
(0 6]
m
o 0.08 |- =
\
Q
o N .
w
|®
u 0.07 |- -
0.05 - // INTERCEPTS AT ]
s 750.4+*6.3 and 40% 170 Ma
R (MSWD=.3) 7
0.03 L l n L L ! |
0.3 o.s 0.? 0.9 1.1

207pp, 235

Figure 6. Concordia plot of lead-uranium zircon analyses from intrusive rocks at Mount Angayukaqgsraq. Circles are sample
85Dn24 (granite) (locality 1C, fig. 2), open diamonds are 78Md120 (granodiorite) (locality 8A, fig. 2), and filled diamond is
85Dn19 (granodiorite) (locality 8C, fig. 2). Regression is through three of four granodiorite data points (see text for explanation).

Sample data listed in table 3.

18 Geologic Studies in Alaska by the U.S. Geological Survey, 1988



and cosmochronology: Earth and Planetary Science Let-
ters, v. 36, p. 359-362.

Streckeisen, A., 1976, To each plutonic rock its proper name:
Earth Science Reviews, v. 12, p. 1-33.

Till, A.B., Schmidt, J.S., and Nelson, S.W., 1988, Thrust in-
volvement of metamorphic rocks, southwestern Brooks
Range, Alaska: Geology, v. 16, p. 930-933.

Turner, D. L., Forbes, R.B,, and Dillon, J.T., 1979, K-Ar
geochronology of the southwestern Brooks Range, Alas-

Age and Chemical Composition of Intrusive Rocks at Mount Angayukaqsraq

ka: Canadian Journal of Earth Sciences, v. 16, p.

1789-1804.

Reviewers:

Alison Till
Jack Bradshaw

19



Proterozoic Rocks of the Western Brooks Range

By Alison B. Till

Abstract

Proterozoic rocks have been recognized at two areas in
the western Brooks Range, at Mount Angayukagsraq in the
northeast Baird Mountains quadrangle and on the upper
Ipnelivik River in the northeast Ambler River quadrangle. In
both areas they are associated with lower Paleozoic carbon-
ate and volcanic rocks and consist of a distinctive lithologic
assemblage of amphibolite, pelite, metaquartzite, and calc-
schist, intruded by two types of igneous rocks. The earliest
metamorphic event recorded in the assemblage was am-
phibolite facies in grade and probably occurred between 600
and 750 Ma. At Mount Angayukaqgsragq amphibolite- facies
mineral assemblages locally have been overprinted by
blueschist-facies assemblages; the blueschist-facies event is
thought to have occurred during the Phanerozoic.

INTRODUCTION

Proterozoic rocks were first recognized in the
western Brooks Range fold and thrust belt during recon-
naissance mapping by Mayfield and others (1982; fig. 1,
area A). Metasedimentary and metaigneous rocks in the
northeast Baird Mountains quadrangle yielded Late Pro-
terozoic K-Ar ages (Turner and others, 1979; Mayfield
and others, 1982); these ages were confirmed by Arm-
strong and others (1986) using Rb-Sr isotopes. Although
a Late Proterozoic metamorphic event was proposed by
these workers; confusion over the grade of that event
persisted, because mineral assemblages typical of both
amphibolite and blueschist facies are present. Gilbert
and others (1977) and Turner and others (1979) suggest-
ed that blueschist-facies metamorphism occurred during
the Proterozoic; this question remained unresolved de-
spite further isotopic work by Armstrong and others
(19806).

Detailed mapping and petrographic work
(1985-1988) in the Baird Mountains and Ambler River
1:250,000-scale quadrangles were undertaken to better
characterize the Proterozoic rocks and to look for evi-
dence for the relative ages of amphibolite- and
blueschist-facies mineral assemblages. During the course
of mapping, rocks identical to those at the original
Proterozoic locality were recognized in the northeast

Ambler River quadrangle, in the Ipnelivik River valley
(fig. 1, area I).

This short description of the Proterozoic rocks is
intended as an aid to their field recognition in the western
and central Brooks Range. In addition, a preliminary
description of thin-section textures indicating relative
ages of amphibolite- and blueschist-facies events is
included.
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Figure 1. Sketch of central and western Brooks Range
showing selected geographic and geologic features.
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THE PROTEROZOIC ASSEMBLAGE
Lithologic description

Proterozoic metamorphic rocks at Mount Angay-
ukagsraq (fig. 1, area A), in the northeast Baird Moun-
tains quadrangle and in the upper Ipnelivik River valley
in the northeast Ambler River quadrangle (area I),
consist of a distinctive lithologic assemblage of amphib-
olite, pelite, metaquartzite, and calc-schist. Volumetri-
cally minor granitic and gabbroic rocks also occur.
Lithologies are complexly interlayered, and no internal
organization can be recognized.

Amphibolite, metaquartzite, calc-schist, and pelite
commonly form massive or layered outcrops (fig. 2).
Lithologies are interlayered on a scale of centimeters to
meters with pelite layers rarely thicker than a meter and
the other lithologies in layers up to tens of meters thick.
Intrafolial isoclinal folds are commonly preserved where
lithologic layering occurs on a scale of centimeters.

Amphibolite forms dark-gray- to black-weathering
massive outcrops dotted with pink garnets or rare cream-
colored plagioclase porphyroblasts. Locally hornblende
grains define a northwest-trending lineation. Garnets are
up to 1.5 cm in diameter and occur in a lepidoblastic
matrix of medium-green to olive-green hornblende, pla-
gioclase, sphene, quartz, and accessory minerals (fig. 3).
Garnets usually make up less than 10 percent of the rock,
and hornblende generally more than 65 percent.

Metaquartzite forms tan-, green-, and gray-
weathering massive layers with a sugary texture, inter-
layered on a millimeter to centimeter scale with tan-,
yellow-, brown-, and gray-weathering massive calc-schist.
This interlayering produces a color-lamination in out-
crop. The metaquartzite is equigranular, granoblastic,
and contains less than 15 percent white mica, biotite,
garnet, and calcite. The calc-schist is composed of quartz,
epidote, plagioclase, hornblende, and garnet in various
proportions; it is also equigranular and has a granoblastic
texture in thin section.

Figure 2. Outcrop of interlayered metaquartzite, calc-schist, and garnet amphibolite in drainage immediately south of Mount
Angayukagsraq. Most of outcrop is metaquartzite and calc-schist; thick (25-30 cm) massive lens in right central part of
photograph is garnet amphibolite. Hammer handle is 30 cm long.
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Pelite forms light-green to whitish-weathering lay-
ers easily recognizable due to the abundance of white
mica. Pelite layers are several tens of centimeters thick or
less and are interlayered with metaquartzite; the bound-
aries between quartz-rich and mica-rich layers may be
sharp or gradational. Muscovite forms 20 to 60 percent of
the rock. Pink garnets up to 6 mm in diameter are
common (up to 20 percent) in the pelite and may appear
to be pale green where they are rimmed or replaced by
chlorite. Biotite occurs in some pelites, but is generally
less than 5 percent of the rock.

Light-gray- to tan-weathering granite occurs in
bodies tens of centimeters to meters across and is
massive to weakly foliated (Karl and others, this volume).
The granite contains K-feldspar, plagioclase, quartz,
white mica, zircon, sphene, and locally biotite, white
mica, garnet, epidote, and allanite. The rock is equigran-
ular at some localities, seriate in others. Grain bound-
aries are complex. Plagioclase and K-feldspar are not
zoned; no crystal growth faces are present on feldspar
grains. It is difficult to determine whether both thin-

o e

section textures and the epidote, garnet, and white mica
in the granitic rock are igneous or metamorphic. In most
cases the boundaries of the granitic bodies cannot be
observed or are faults, so that this problem cannot be
resolved in the field.

Blotchy cream- and brownish-green-weathering
metagabbro occurs in plugs and stocks up to 100 meters
across. The largest body known is on the ridge that
contains Mount Angayukaqgsraq. The most common gab-
bro is massive, and igneous textures are well preserved
on both outcrop and thin-section scales. Relicts of igne-
ous clinopyroxene, hornblende, and plagioclase are
found in some thin sections, although they are more
commonly replaced by pale-green amphibole, epidote,
and albite. Rutile, sphene, and quartz are accessory
minerals. In some samples, pseudomorphism has pro-
duced a mat of fine actinolite needles after mafic miner-
als and a mat of tabular zoisite or epidote after
plagioclase.

The persistence of igneous minerals and textures in
the metagabbro is strong evidence that it did niot undergo

Figure 3. Photomicrograph of garnet amphibolite collected from ridge south of Mount Angayukagsrag. Large porphyroblast
in upper left and small, high-relief grains in lower part of photograph are garnet. Hornblende, plagioclase, quartz, and sphene

comprise matrix. Field of view is 2 mm.
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amphibolite-facies metamorphism; therefore, the met-
agabbro is younger than the other lithologies. The
greenschist-facies overprint on the gabbro is thought to
be the result of a Mesozoic metamorphic event.

The earliest metamorphic event recorded in the
Proterozoic metasedimentary and metaigneous rocks
was of amphibolite grade. The hornblende-plagioclase-
garnet assemblage in the amphibolite is diagnostic of that
grade; the quartz-muscovite-biotite-garnet assemblage in
the pelite is consistent with it. The hornblende and
muscovite which yielded Late Proterozoic ages crystal-
lized during that amphibolite-facies event.

Age

Isotopic ages were determined for rocks and min-
erals from the Mount Angayukagsraq area collected
during reconnaissance mapping (Mayfield and others,
1982). K-Ar ages on hornblendes from amphibolites are
595+30 Ma and 729+22 Ma (Mayfield and others,
1982; Turner and others, 1979, respectively). K-Ar ages
for two muscovite samples are 646 +19 Ma and 594 =18
Ma (Turner and others, 1979; Mayfield and others,
1982). Rb-Sr determinations on the same samples used
by Turner and others yielded a whole-rock model age
from a mica schist of 645 =19 Ma and a muscovite age of
770 £23 Ma (Armstrong and others, 1986). Model ages
were determined using an intercept value taken from
analysis of a mafic schist in the same outcrop. An
isochron constructed from whole-rock values of mafic
schist and mica schist indicated an age of 686 +116 Ma
(Armstrong and others, 1986). These ages show consid-
erable scatter, but suggest that amphibolite-facies meta-
morphism occurred prior to 600 Ma and possibly before
650 Ma.

Granitic rocks collected near Mount Angayukaqs-
raq yielded a U-Pb zircon age of about 750 Ma (Karl and
others, this volume). This has been interpreted as an
igneous crystallization age.

Hornblende from a metadiorite (possibly similar to
the metagabbro described above) yielded a K-Ar age of
548+16 Ma (Mayfield and others, 1982). As relict
igneous hornblende is present in some metagabbro sam-
ples, this may reflect an intrusive rather than a metamor-
phic age.

STRUCTURAL SETTING

Mount Angayukaqsraq Area

Near Mount Angayukaqsraq, the Proterozoic
metamorphic assemblage underlies an area of almost 60
square kilometers. These amphibolite-facies rocks are a
large lens or series of lenses that were fault-imbricated
with lower Paleozoic carbonate rocks and metavolcanic
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