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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 
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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 ARGO 
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 1016 m3 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 
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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. 

Modell: Conversion of a preexisting gas field into 
a gas hydrate by a favorable change in temperature or 
pore pressure (fig. 3A). 

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 °C/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 (Seifert 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 

70°30' 

/ 

recovered by ARCO and Exxon (reviewed by Collett and 
Kvenvolden, 1987). The sample was from a depth of 666 
min 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). 

Kuparuk River 
oil field 

'~--\~ In situ gas-hydrate 
distribution 

West Sak and 
Ugnu oil fields 

Prudhoe Bay 
oil field 

10 KILOMETERS 

0 6 MILES 

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 

.. 
2 Decreasing 

temperature 

A 

B 

~~!w! Base of ice-bearing u, 15 
permafrost 8 -Bl 

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). 8, 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 C1/(C2 +C3 ) 

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 (C1/[C2 +C3 ]) 

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 13C/12C 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 (Ro) 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). 
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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 
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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 

PRUDHOE BAY 
OIL FIELD East 

[ H> J Gas hydrate 

EXPLANATION 

I I Oil --- Base of marine 
shale sequence 

~Free gas + Migration path 

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, oil, 
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. C1/(C2 +C3 ) ratios and methane 
13C/12C isotopic compositions for the Kuparuk 
River Unit 20-15 well 

Sample Depth 
(ft) 

270 
360 
450 
540 
630 
720 
810 
900 
990 

1,050 
1,110 
1,170 
1,230 
1,290 
1,350 
1,470 
1,530 
1,650 
1,770 
1,830 
1,890 
1,950 
2,160 
2,220 
2,280 
2,400 
2,500 
2,560 
2,680 
2,740 
2,860 
2,920 
2,980 
3,040 
3,100 
3,160 

C.f(C2+C3 ) 

(ratio) 

28 
81 
26 

322 
609 
383 
481 
676 
815 

1,287 
2,479 
3,630 
4,222 
5,935 
5,885 

14,579 
12,733 
7,060 
4,456 

704 
4,926 
3,588 

24 
61 

1,415 
13 

3,381 
322 
838 

1,352 
826 

19 
9 
5 
6 

23 

1Relative to the PDB standard. 

t3Cftzc 

(permil) 1 

-39.3 
-49.6 
-48.9 
-50.0 
-49.1 
-46.6 

-41.2 

-38.6 

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 160m 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 Angayukaqsraq, 
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 Angayukaqsraq 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 (Si02 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 Angayukaqsraq 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 Angayukaqsraq 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
ukaqsraq (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 Angayukaqs­
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 overlie 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 Angayukaqsraq 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
tie 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 

0 200 
I 

KILOMETERS 

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 
Angayukaqsraq 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-

ARCTIC OCEAN 

EXPLANATION 

m Angayucham terrane 

~=======J Phyllite belt 
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lr\~\'{ .. ::_J Central belt 

~ Baird Group --Carbonate rocks 

~ Endicott, Lisburne, and Etivluk 

Groups, undivided 

Thrust fault--sawteeth on upper plate 

Figure 1. Northern Alaska showing locations of intrusive rocks at Mount Angayukaqsraq, Ernie Lake, and 
Sixtymile River within central belt of the Brooks Range. 
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Figure 2. Location of samples analyzed from Proterozoic intrusive rocks at Mount Angayukaqsraq. 
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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, lac. 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 Angayukaqsraq 

[Samples analyzed by U.S. Geological Sutvey, 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 
Sample 84SK211A 84SK211B 84SK213A 

Rock type Leucogabbro Gabbro Gabbro 

Si02 49.36 48.34 48.91 
A1203 18.21 18.06 16.34 
Fe203 1.84 2.16 2.42 
FeO 6.17 6.60 7.90 
MgO 8.72 7.37 6.62 
CaO 12.52 13.65 12.95 
Na20 2.20 1.80 2.21 
K20 .37 .81 .87 
Ti02 .41 .98 1.39 
P205 .05 .08 .21 
MnO _n ______,__ill ______,_ill 

Total 99.97 100.00 100.01 

Locality 2 8A 4A 
Sample 84SK216A 78Mdl20 84SK214A 

Rock type Gabbro Granodiorite Alkali 
feldspar 
granite 

Si02 48.61 54.51 76.16 
Al203 13.90 19.32 12.36 
Fe203 2.89 1.85 1.53 
FeO 11.02 8.45 .65 
MgO 7.92 2.59 .16 
CaO 10.61 6.71 .34 
Na20 2.34 4.18 2.98 
K20 .39 1.18 5.56 
Ti02 1.96 .075 .19 
P205 .14 .23 .05 
MnO _______,22_ ~ _______m_ 

Total 100.00 100.00 100.00 

CHEMICAL COMPOSITION 

Major-element chemistry (table 1) shows that the 
gabbroic rocks have high Al2 0 3 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-

4B 3A 3B 
84SK214B 84SK215A 84SK215C 

Leucogabbro Leucogabbro Leucogabbro 

50.45 48.91 50.15 
19.05 18.16 24.05 

1.73 1.94 1.62 
4.82 6.71 3.51 
7.02 8.40 4.28 

12.77 12.07 11.77 
3.07 2.68 4 .06 

.44 .33 .09 

.48 .63 .35 

.05 .05 .05 
______,__li ______,__li _____m 
99.99 99.99 100.00 

5 1B 1A 
85SK163A 85SK165C 78Md119 

Alkali Alkali Alkali 
feldspar feldspar feldspar 
granite granite granite 

76.45 77.07 75.74 
12.37 12.68 13.15 

1.17 .64 .40 
.59 .18 .65 
.21 . 12 .69 
.21 .02 1.08 

2.98 3.06 .68 
5.77 5.96 7.23 

.18 .19 .22 

.05 .05 .06 
_______m_ ______,_QZ_ ~ 
100.00 99.99 99.98 

ation is less than that typical of granites derived from arc 
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 
Angayukaqsraq (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. SA, SC, fig. 2). 

Zircons from the granite are subhedral to euhe­
dral, light to medium brown, and stubby, with length­
to-width ratios (1/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 Angayukaqsraq 

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

w 
t: 
a: 
0 
z 
0 100 
I 
u -

1 

Locality 9 6 4B 
Sample 84SK211B 84SK213A 84SK214B 

Rock type Gabbro Gabbro Leucogabbro 

Sc 39.0 46.6 30.0 
Cr 139 617 196 
Co 38.3 31.7 36.5 
Ni 59.9 81.7 66.3 
Cu 67 89 99 
Zn 70 94 
Rb 34.6 34.6 20 .2 
Sr 280 240 280 
y 13 15 10 
Zr 8 4 .7 98 36 
Nb 10 10 10 
Sb .420 .398 .998 
Cs .648 .700 .833 
Ba 116. 214. 144. 

La 5.42 10.2 2 .84 
Ce 13.3 22 .3 7 .32 
Nd 8 .18 13.3 4.70 
Sm 2 .25 3.61 1.25 
Eu 1.02 : .62 .708 
Gd 2 .74 4.23 1.42 
Tb .420 .652 .211 
Tm .218 .301 .110 
Yb 1.26 1.74 .647 
Lu . 182 .248 .090 
Ta .368 .559 .167 
Th .720 2 .07 .370 
Hf 1.49 2 .05 .743 
u .190 .279 

LaCe Nd SmEu Gd Tb TmYb Lu 

RARE EARTH ELEMENTS 

Figure 4. Plot of chondrite-normalized rare-earth-element 
distribution in igneous rocks from Mount Angayukaqsraq. 
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) . 

2 4A 5 1B 
84SK216A 84SK214A 85SK163A 85SK165C 

Gabbro Alkali Alkali Alkali 
feldspar feldspar feldspar 
granite granite granite 

39.9 1.19 0.984 7.17 
34. 1 <1.4 0 .919 2.50 
50.4 0.808 0 .684 1.07 
37 14 9 .93 6.00 
73 3 20 20 

120 64.8 26.1 24.2 
14.4 183 165 220 

390 30 20 10 
18 85 66 60 
58 425 295 280 
10 42 46 28 

.704 .130 .0937 .127 

.41 2.75 2 .10 3 .45 
157. 544. 449. 552. 

5 .92 88.7 85.1 51.3 
13.9 197 175 112 
10.2 94.9 80.7 47.2 

3 .33 18.9 14.6 9.83 
1.57 1.87 1.67 .736 
3.86 18.3 10.5 

.648 2.94 2 .01 l.60 

.326 1.67 .949 .878 
1.99 9.41 5 .95 5 .34 

.290 1.33 .832 .720 

.547 3.38 2 .88 2 .67 

.369 21.2 18.2 20.0 
1.45 12 .5 9.11 9 .02 

.117 2.34 2.83 1.69 

granodiorite are subhedral to euhedral and clear to light 
brown, with 1/w of 2/1 to 5/1. Some terminations of 
zircons from both samples are rounded, and most faces 
are pitted. This morphology suggests igneous growth 
modified by metamorphism. 

In the U-Pb data listed in table 3 and plotted on 
figure 6, uncertainties are listed for Pb/U ratios of 
samples analyzed at the Branch of Isotope Geology, U.S. 
Geological Survey, Denver, Colo. Data for zircon frac­
tions in sample 78Md120 (loc. SA, fig. 2) were deter­
mined by J.T. Dillon at the University of California, 
Santa Barbara, and uncertainties are assumed to be 0.75 
percent. Chemical procedures and mass spectrometry 
are described in Aleinikoff and others (1986). Zircons 
from the granodiorite have relatively low uranium con­
centrations (ftbout 69-253 ppm U) and are only slightly 
discordant. Zircons from the granite contain much more 
uranium (about 726-1,321 ppm U), and Pb/U ages are 
about 50 percent discordant. 207PbF06Pb 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 207Pb/206 Pb age of 764 Ma, possibly 
due to minor inheritance of radiogenic lead. 

207PbF06Pb 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 Angayukaqsraq 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 0/AG), 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, lacs. 1A-C). 

discordance, we regard the 207PbF06 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 Angayukaqsraq. 
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 Angayukaqsraq, 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 Angayukaqsraq 

Concentration Pb composition2 Ratios (percent error)l Ages (Ma)'' 
Weight (ppm) 

Fraction 1 (mg) 2o6pb 2o6pb 2o6Pb 2o6Pb 207pb 207pb 2o6Pb 2o1pb 2o1pb 

u Pb 2o4Pb 2o1pb 2oapb 2nu 23SU 2o6Pb 23au 23SU 2o6pb 

78Mdl20 {locality SA, 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' 3.8 143.3 19.1 2908 14.36 4.876 .1207 1.076 .0647 735 742 764 
Zircon' 7.0 253.2 31.9 20370 15.41 5.605 .1169 1.035 .0640 713 721 748 

85Dn19 (locality 8C, fig. 2) granodiorite [recollection of 78Mdl20] 

(-150+200)NMD 4.67 107.3 14.55 1869.4 13.899 4.3584 .1198(.48) 1.061(.49) .0642(.12) 730 734 749 

85Dn24 {locality lC, fig. 2) alkali feldspar granite [recollection of 78Mdl19] 

(-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 4.4432 .0608(.50) .5345(.50) .0638(.07) 380 435 735 
(-400) .72 1321 110.4 407.06 10.355 3.1936 .0658(.78) .5529(2.3) .0610(2.1) 411 447 639 

'Abbreviations: NM (non-magnetic), D (diamagnetic). 
2Corrected for 1 nanogram laboratory blank and mass fractionation of 0.14±.05 percent atomic mass unit. 
32cr errors where shown in parentheses. Otherwise, uncertainties assumed to be 0.75 percent. 
4Common lead corrected for using appropriate values from Stacey and Kramer (1975). Uranium decay constants from Steiger and Jager 

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

Angayukaqsraq 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 207PbF06Pb 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 e07Pb/206Pb 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. 
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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 Angayukaqsraq in the 
northeast Baird Mountains quadrangle and on the upper 
lpnelivik 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 Angayukaqsraq 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 
(1986). 

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. 

North Slope 

67 

200 KILOMETERS 

EXPLANATION 

Schist belt 

Central belt of Till and others (1988) 

Endicott allochthon 

Areas having Proterozoic or Proterozoic(?) rocks 

A Mount Angayukaqsraq 
I lpnelivik River 
S Paleozoic schist unit of Nelson and Grybeck 

(1980) 
E Ernie Lake pluton and surrounding rocks 

1 :250.000-scale quadrangles 

B M Baird Mountains 
AR Ambler River 
SP Survey Pass 
W Wiseman 

Figure 1. Sketch of central and western Brooks Range 
showing selected geographic and geologic features. 

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



THE PROTEROZOIC ASSEMBLAGE 

Lithologic description 

Proterozoic metamorphic rocks at Mount Angay­
ukaqsraq (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 em 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 
Angayukaqsraq. Most of outcrop is metaquartzite and calc-schist; thick (25-30 em) massive lens in right central part of 
photograph is garnet amphibolite. Hammer handle is 30 em 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-

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 Angayukaqsraq. 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 not undergo 

Figure 3. Photomicrograph of garnet amphibolite collected from ridge south of Mount Angayukaqsraq. 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 Angayukaqsraq 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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Figure 4. Simplified geologic map of area around Mount 
Angayukaqsraq. See figure 1 for location of area. Modified 
from Till and others (1988) . 
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rocks (fig. 4) during Mesozoic development of the 
Brooks Range fold and thrust belt. 

There is no evidence of amphibolite-facies meta­
morphism in the carbonate or metavolcanic rocks. 

lpnelivik Area 

The Proterozoic lithologic assemblage is exposed 
over an area of 1.5 km2 in the upper Ipnelivik River 
drainage in the northeast Ambler River quadrangle (fig. 
5). 

These exposures, 17 km south of the confluence of 
the Ipnelivik with the Noatak River and 12 km north of 
Shishakshinovik Pass, were originally mapped as mafic 
intrusive rocks by Mayfield and Tailleur (1978). The 
structural setting of these Proterozoic rocks is unclear, 
but the Paleozoic carbonate rocks which overlie them are 
clearly thrust-imbricated. The carbonate rocks have been 
mapped as the Silurian and Devonian Skajit Limestone 
(Mayfield and Tailleur, 1978), but conodont collections 
within 3 km of the Proterozoic rocks yield Ordovician 
and Silurian ages (J. Dumoulin, unpublished data). The 
contacts between the Proterozoic rocks and the carbon­
ate rocks and the base of the Proterozoic rocks are not 
exposed. 

OTHER PROTEROZOIC(?) ROCKS IN THE 
CENTRAL AND WESTERN BROOKS RANGE 

Banded schist and granitic gneiss of Proterozoic(?) 
age mapped in the western Wiseman quadrangle (fig. 1, 
area E; units Pb and Pg of Dillon and others, 1986) are 
the most likely correlatives of the Mount Angayukaqsraq 
and Ipnelivik rocks in the central Brooks Range. The 
banded schist includes quartz-mica schist, metaquartzite, 
calc-schist, and metabasite, as well as marble and gra­
phitic phyllite. As mapped, the banded sequence sur­
rounds the Proterozoic(?) Ernie Lake pluton and related 
metagranitic rocks (Dillon and others, 1980). Similar 
units occur in the Survey Pass quadrangle as well. 

A less likely but possibly correlative unit is the 
Paleozoic schist unit mapped in the south-central Survey 
Pass quadrangle by Nelson and Grybeck (1980), which 
contains pelite, quartzite, marble, greenstone, and or­
thogneiss (fig. 1, area S). 

Figure 5. Simplified geologic map of lpnelivik area (in 
northeastern Ambler River quadrangle). See figure 1 for 
location of area. Modified from Mayfield and Tailleur (1978) 
and A.B. Till, S.W. Nelson, J.M. Schmidt, and J.A. Dumoulin 
(unpub. mapping, 1986-1987). 
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RELATIVE AGE OF AMPHIBOLITE- AND 
BLUESCHIST-FACIES METAMORPHIC 
EVENTS 

Thin sections from the Mount Angayukaqsraq area 
show that several fault-bounded blocks of Proterozoic 
lithologies have undergone recrystallization. Hornblende 
in the amphibolite is rimmed and locally replaced by blue 
or blue-green amphibole; garnet in the amphibolite and 
pelite is replaced by chlorite± epidote. The petrographic 
evidence is therefore consistent with the growth of 
blueschist-facies minerals after amphibolite-facies min­
erals. Since the hornblende has yielded Proterozoic iso­
topic ages, the blueschist-facies event is inferred to be 
Phanerozoic in age. 

DISCUSSION 

The known and possible occurrences of Proterozo­
ic rocks in the central and western Brooks Range are on 
structural trend with one another and are thought to 
occupy roughly the same structural position in the Me­
sozoic Brooks Range fold and thrust belt (fig. 1). The 
structural unit in which the Proterozoic assemblage is 
present is the central belt of Till and others (1988). The 
central belt is composed of Proterozoic and lower and 
middle Paleozoic rocks thrust-imbricated and locally 
metamorphosed during the Brooks Range orogeny. This 
belt is located between the metamorphic rocks of the 
schist belt, to the south, and clastic rocks of the Endicott 
allochthon, to the north (fig. 1; Mayfield and others, 
1983). Proterozoic rocks may be discovered elsewhere in 
the central belt. 

CONCLUSIONS 

Proterozoic rocks in the western Brooks Range 
consist of a distinctive lithologic assemblage found near 
Mount Angayukaqsraq and on the upper Ipnelivik River. 
The assemblage includes amphibolite, pelite, meta­
quartzite, and calc-schist intruded by granitic and gab­
broic rocks. The earliest metamorphic event recorded in 
the rocks was amphibolite facies in grade. Late Protero­
zoic isotopic ages obtained from hornblende and 
muscovite collected from exposures near Mount Angay­
ukaqsraq are interpreted to represent the age of 
amphibolite-facies metamorphism, partially reset by sub­
sequent recrystallization events. 

Petrographic analysis of rocks at the Mount Ang­
ayukaqsraq locality shows that blueschist-facies assem­
blages have partially overprinted the Late Proterozoic 
amphibolite-facies assemblages in some fault-bounded 
blocks. The blueschist-facies metamorphism, therefore, 
was probably Phanerozoic in age. 
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Late Cenozoic Geologic Controls on Placer-Gold Distribution 
in the Nome Nearshore Area 

By Darrell S. Kaufman and David M. Hopkins 

Abstract 

The spatial distribution of particulate gold in sediments 
blanketing the coastal plain at Nome is the product of a 
complex late Cenozoic geologic history. The diverse glacial, 
marine, fluvial, and deformational processes that shaped the 
sedimentary sequence on the emergent coastal plain have 
operated on the submerged continental shelf south of 
Seward Peninsula. Amino acid analysis of fossil molluscan 
shells from 51 boreholes drilled in 1967 by the U.S. Depart­
ment of the Interior in the Nome nearshore area demon­
strates that the upper 20 m of the offshore deposits have 
been pervasively reworked. Below 20m, sediments accumu­
lated more continuously in a marine environment and contain 
minor amounts of particulate gold. The initiation of extensive 
reworking approximately coincides with the time of the late 
Pliocene Bering ian marine transgression, after which glaciers 
advanced southward beyond the present-day coast and left 
deposits associated with the richest concentrations of partic­
ulate gold. Within the area extending approximately 5 km 
seaward of Nome, gold values in the top 20m of sediment do 
not decrease seaward. The greatest concentrations are 
found within 4 m of the sea floor; lag-gravel deposits formed 
on till of the present sea floor are especially enriched. 
Although erosional surfaces analogous to the present sea 
floor may be buried within the sequence· of Quaternary 
deposits, the extent of the gold-bearing glacial deposits that 
would support these surfaces is not fully delineated. Recon­
structions must take into account the possibility that glaciers 
advanced onto the coastal plain during a period of high 
relative sea level. Coarse-grained potentially gold-bearing 
debris would have been carried farther beyond a glacier 
terminating in a marine environment than from terrestrial­
based ice. A better understanding of the geologic processes 
that formed the sedimentary sequence onshore and offshore 
of Nome and consideration of theoretical constraints of 
placer-gold formation will lead to more reliable predictions of 
the distribution of particulate-gold concentrations. 

INTRODUCTION 

Since the turn of the century, the beaches of the 
Nome area (fig. 1) have attracted the attention of miners 
and scientists alike. The deposits were first mined for 
their fantastic quantities of gold (concentrations ranging 

to 300 g/m3 were reported by Moffitt, 1913), and then 
studied by geologists who extracted from them a rich 
record of fluctuating Pleistocene sea level and glacial ice. 
Recently, the discovery and ongoing development of 
offshore placer-gold deposits beyond the southern coast 
of Seward Peninsula prompted a proposal by the U.S. 
Department of the Interior to lease more than 175,000 
acres of sea floor for placer-gold mining (U.S. Minerals 
Management Service, 1988). 

The offshore placer-gold resources of northern 
Norton Sound are distributed irregularly throughout a 
seaward-thickening wedge of unconsolidated marine and 
continental sediments of late Tertiary and Quaternary 
age. The geology and particulate-gold content of these 
deposits remains largely unknown and, at present, can 
only be inferred from a few investigations concentrated in 
the Nome nearshore area (U.S. Bureau of Mines, 1967; 
Nelson and Hopkins, 1972). Because the diverse glacial, 
marine, fluvial, and deformational processes that formed 
the sedimentary sequence of northern Norton Sound 
have operated on the emergent coastal plain of the Nome 
area, studies of the onshore deposits (MacNeil and 
others, 1943; Hopkins and others, 1960; Hopkins, 1967a, 
1972, 1973; Kaufman and Hopkins, 1986) lend additional 
insight into the nature of the offshore sediments. 

In the three decades since Hopkins (1959) put 
forth the original Quaternary stratigraphic framework 
for northwestern Alaska, a variety of new geologic evi­
dence and analytical tools have become available to test 
and refine the original chronology. Studies of the Gubik 
Formation of the Arctic Coastal Plain, based largely on 
amino acid geochronology, have provided a more com­
plete understanding of the number and timing of high­
sea-level events in Alaska (Brigham, 1985; Carter and 
others, 1986). Oxygen isotopes from deep-sea sediments 
reveal a complex series of major worldwide climatic 
fluctuations that modulated the growth and decay of 
continental ice sheets and consequent fluctuations in sea 
level. Eight isotopic stages, each corresponding to an 
interval of ice buildup and associated global sea-level 
depression, are recognized for the last 700,000 years 
alone (Shackleton and Opdyke, 1976). The continuity of 
the deep-sea record contrasts markedly with the rela-
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tively incomplete land-based record of interglacial shore­
lines and glacial-age moraines in the Nome area (fig. 2). 
Nonetheless, the striking environmental changes of the 
Quaternary have left their mark on the stratigraphy and 
particulate-gold distribution of northern Norton Sound. 

The relevant findings of earlier investigations are 
integrated in this report with new and previously unpub­
lished information, including stratigraphic, amino acid, 
and particulate-gold data from boreholes drilled in 1967 
by the U.S. Department of the Interior in the Nome 
nearshore area. This report presents the Quaternary 
geological framework that, together with theoretical con­
siderations, lend insight into the formation of placer-gold 
deposits in the Nome area and in regions of similar 
geologic context. A better understanding of the multi-

6 

tude of geologic processes that shaped the sedimentary 
sequence, both onshore and offshore, will lead to more 
reliable predictions of the distribution and magnitude of 
particulate-gold enrichments. 

REGIONAL GEOLOGIC SETTING 

Norton Sound is an extensional feature formed in 
continental basement rocks comprising a mixed assem­
blage of Precambrian to early Paleozoic pelitic schist, 
quartz-graphite schist, and marble. Basement rocks 
found in the Norton Sound COST wells in central Norton 
Sound (Turner, 1986) are similar to those exposed in the 
Seward Peninsula (Hummel, 1962; Sainsbury and others, 
1972; Till and others, 1986). Rifting and associated 

+ .. + 
Seward Peninsula 

·n<.:':Bendeleben Mountains 

Q1~JUfl1UUD oarby Mountains 

[~Kigluaik Mtns 

Norton 
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Figure 1. Location map of northern Bering Sea region showing generalized bathymetry (modified from Larsen and others, 
1981; note that Hopkins and others, 1976, show that much of the bathymetric trough located south of Nome reaches depths 
in excess of 30 m, deeper than the 20 meters or more shown here). 
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subsidence began in the latest Cretaceous and early 
Tertiary and was followed by basin downwarping in the 
middle Tertiary that continues into the Holocene 
(Turner, 1986). 

The present continental shelf of northern Bering 
Sea evidently lay above sea level until middle Tertiary 
time, when marine deposition began (Fisher and others, 
1982). Throughout late Tertiary time, sea level in the 
deepest part of Norton Sound remained high enough to 
allow continuous marine deposition in an environment 
characterized by fluctuating salinity, cold water, and 
relatively high sedimentation rate (Turner, 1986). Dur­
ing this period, the highest part of the continental plat­
form formed a land bridge connecting Alaska to eastern 

DEEP-OCEAN 
RECORD 

Siberia, allowing unrestrained terrestrial migrations 
between North America and Asia (Hopkins, 1967b ). 

Near the end of the Pliocene Epoch, about 3.5 
million years ago, relative sea level rose high enough to 
breach the Bering land bridge near the site of present -day 
Bering Strait (Herman and Hopkins, 1980). This sub­
mergence episode, the Beringian transgression of Hop­
kins (1967a), is recorded by the oldest marine sediments 
recognized along Alaskan coasts that adjoin the conti­
nental shelves of Bering and Chukchi Seas. At the type 
locality near Nome, the Beringian transgression is repre­
sented by gold-bearing and richly fossiliferous sand and 
clay resting on an undulating bedrock surface approxi­
mately 8 m below sea level (fig. 3). 
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Bouldery diamicton and coarse-grained gravel of 
the Sinuk glacial interval (Kaufman and Hopkins, 1986) 
is found stratigraphically above marine sediments of the 
Beringian transgression and below fossiliferous marine 
sediments of the younger Anvilian transgression. The 
higher relative sea level of Anvilian time deposited sorted 
sand and washed gravel at about 6 m above present sea 
level. 

64 
30' 

EXPLANATION 
, •••• • Buried beach 

Renewed glaciation of the Nome coastal plain is 
recorded by erratic-bearing diamicton and bouldery 
gravel of the Nome River glaciation that overlies Anvilian 
marine sediments. Glaciers of the Nome River glaciation 
originated in the rolling hills inland of Nome and in the 
high Kigluaik Mountains more than 50 km to the north 
(fig. 1). The Nome River deposits are notched by and are 
therefore older than a high sea-level shoreline formed 
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Figure 3. Generalized geologic map and cross section of coastal plain at Nome (modified from Hopkins and others, 1960). Map 
shows locations of marine transgression type localities and buried beaches. 
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during the last major interglaciation. A much greater age 
for the Nome River glaciation is suggested by potassium­
argon ages on the Minnie Creek lava flow, located about 
120 km north of Nome in central Seward Peninsula. At 
Minnie Creek, a moraine assigned to the Nome River 
glaciation was overrun by a normally magnetized basaltic 
lava flow that has yielded an age of 810±90 ka on 
plagioclase (Kaufman and Hopkins, 1986). This determi­
nation is corroborated by a whole-rock analysis 
performed at the Alaskan Cooperative Geochronology 
Laboratory that yielded an age of797±59 ka (D. Turner, 
University of Alaska, written commun., 1987). However, 
Nome River till at the type locality at Nome appears to be 
normally magnetized (D.S. Kaufman, University of Col­
orado, unpub. data, 1988), and amino acid ratios in 
molluscan shells from the underlying beach sediments of 
the Anvilian marine transgression (this report) favor an 
age considerably younger than 800 ka. The Minnie Creek 
lava flow may contain excess argon and, until further 
analyses are completed, we consider its age spuriously 
old. We suggest that the age of the basaltic lava flow that 
erupted in the valley of Lava Creek, located in the 
southeastern Bendeleben Mountains, provides a more 
reasonable minimum limiting age on the Nome River 
glaciation (fig. 2). This normally magnetized lava flow, 
dated at 564±66 ka (D. Turner, University of Alaska, 
written commun., 1987), invaded the glacial trough of 
Lava Creek sometime after the Nome River glaciation. 

Following the Nome River glaciation, the northern 
shoreline of Bering Sea has fluct11;ated over presently 
submerged areas of the continental shelf many times, but 
apparently it rose above its present position only once. 
Approximately 125,000 years ago, during the Pelukian 
marine transgression (Hopkins, 1967a), well-sorted and 
rounded sand and gravel were deposited seaward from a 
rather continuous shoreline scarp carved at an altitude of 
10-12 m. These gold-bearing beach sediments have been 
extensively mined on the Nome coastal plain, where gold 
was apparently reworked and concentrated from under­
lying glacial sediments. 

In marked contrast to the Nome River glaciation, 
subsequent glacier advances (Stewart River, Salmon 
Lake, and Mount Osborn) were restricted to the highest 
mountain valleys (fig. 4). Interpolation of relative-age 
data (Kaufman and Hopkins, 1986; Kaufman and Calkin, 
1988; Kaufman and others, 1988) demonstrates that at 
least one of these later advances is older than the last 
major interglacial period, yet all are far younger than the 
Nome River glaciation. 

Between 20,000 and 14,000 years ago, during the 
last worldwide glaciation when Mount Osborn glaciers 
reached their maximum extent in the highest elevations, 
relative sea level on the Bering Sea shelf was lowered by 
about 90 m (Knebel and others, 1974). As a result, much 
of the vast Chukchi-Bering continental shelf was exposed 
as a low-lying plain covered by arctic-steppe vegetation 

and subjected to fluvial and glacial processes (Hopkins, 
1982). 

The latest and best studied rise in sea level over the 
Bering Sea shelf began about 16,000 years ago and was 
punctuated by several stillstands during which shorelines, 
preserved as submerged sand ridges, were developed 
(Nelson and Hopkins, 1972; Dupre, 1978; Nelson and 
others, 1982). By 15,500 years ago, the Bering Sea rose to 
within 50 m of its present level, breaching the Bering land 
bridge at Bering Strait (Hopkins, 1982; McManus and 
Creager, 1984). By 10,000 years ago, the Bering Sea 
flooded the shallow eastern Norton Sound, where it 
inundated a tundra peat cover (Nelson, 1982). 

The changing depositional and erosional processes 
that operated over the northern Bering Sea during the 
Quaternary produced a patchwork of sediments that crop 
out on the present sea floor. The textural and composi­
tional characteristics of the various deposits reflect a 
combination of several different sedimentary regimes 
(Venkatarathnam, 1971; Sharma, 1974; McManus and 
others, 1977). The lack of thick Holocene deposits on the 
floor of northern Bering Sea and the preservation of 
relict geomorphic features, including beach ridges, out­
wash fans, and stream valleys, suggest that bottom cur­
rents in northwestern Norton Sound are strong enough 
to prevent significant sediment accumulation, despite its 
proximity to the mouth of the Yukon River (fig. 1) 
(Nelson and Creager, 1977; Nelson and Nio, 1982). 
These strong currents also produce lag-gravel deposits by 
winnowing out fine-grained particles. In contrast, relict 
topography in south-central and eastern Norton Sound is 
obscured by a progradational wedge up to 18 m thick 
composed of Holocene mud, silt, sand, and organic-rich 
interbeds deposited in front of the modern Yukon River 
delta (Nelson, 1982). 

NEARSHORE SEDIMENTS OF THE 
NOME AREA 

Seismic Stratigraphy 

The sedimentary stratigraphy within Norton Sound 
has been investigated using high-resolution, continuous 
seismic-reflection profiling (U.S. Bureau of Mines, 1967; 
Scholl and Hopkins, 1969; Grim and McManus, 1970; 
Tagg and Greene, 1973). These surveys indicate that 
Tertiary marine beds, represented by deep seismic reflec­
tors, lap onto basement reflectors several kilometers 
offshore from Nome. The seismic data depict an uncon­
formity separating nearly flat-lying beds from more 
steeply dipping underlying beds at depths ranging from a 
few meters near shore to about 100m seaward. As early 
as 1913, F.H. Moffitt recognized that the buried marine 
beds dip more steeply than the overlying coastal plain 
deposits. This angular unconformity may represent a 

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



decline in the rate of subsidence of Norton basin (Tagg 
and Greene, 1973). 

The unconformity described by earlier workers 
may correspond to the erosional contact between two 
seismic-stratigraphic units of presumed Quaternary age 
recognized by Hess (1985), who put forth the most 
complete and up-to-date interpretation of the shallow 
seismic stratigraphy of the northern Bering Sea. In 
Norton Sound, these units unconformably overlie a 
smooth and flat late Tertiary erosional surface. The 
lower of the two units, although composed dominantly of 
marine sediments, exhibits pervasive and complex fluvial 
reworking. This is particularly well displayed in the area 
of the bathymetric trough that parallels the southern 
coast of Seward Peninsula (fig. 1), where early fluvial 
activity may have been focused (Hess, 1985). Within the 
area of the bathymetric trough, the upper unit includes 
extensive deltaic deposits, apparently derived from an 
ancestral Yukon River that built out over disrupted 
sediment of the lower unit. 
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Deformation of the sedimentary sequence can be 
attributed to basinal-tectonic as well as glaciotectonic 
mechanisms. The sediments have been gently folded and 
locally faulted. Recent faulting is expressed as fault 
scarps on the sea floor; two in the Nome nearshore area 
have 1- to 2-m escarpments (Grim and McManus, 1970). 
Glaciotectonic deformation is exhibited locally offshore 
of Nome as distinctive coalescing seismic reflectors that 
are interpreted as thrusts and diapirs induced by over­
riding ice (Nelson and Hopkins, 1972). 

A large, ancient buried delta was recognized in 
unpublished seismic-reflection records of the Nome 
nearshore area by Bert Barnes (then of the U.S. Bureau 
of Mines) and D.M. Hopkins (then of the U.S. Geolog­
ical Survey). The delta extends several kilometers off­
shore from the mouth of Hastings Creek and consists of 
seaward-dipping, fine-grained marine sediments about 
100m thick. The ancient delta is disconformably overlain 
by horizontally bedded marine silt of late Cenozoic age. 
Sediment from boreholes reaching the uppermost part of 
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the delta yielded pollen indicative of a Homerian (middle 
Miocene) age (J.A. Wolfe, U.S. Geological Survey, writ­
ten commun., 1968). The top of the delta lies nearly 70 m 
below present sea level, suggesting that the northern 
coast of the Bering Sea lay near its present position as 
early as 10 million years ago. The Nome River may have 
once flowed east of its present course to provide the 
source for this large delta. 

Borehole Sediments 

Fifty-one boreholes, 30 to 75 m deep, were drilled 
offshore of Nome during the summer of 1967 as part of 
investigations conducted jointly by the U.S. Geological 
Survey (USGS) and U.S. Bureau of Mines (USBM) (fig. 
5). A reverse-circulation hammer or oscillating drill was 
used to penetrate 2 to 3 m of sediment; at the base of 
each sampling interval, pressurized air and water forced 
the sediment slurry up to the surface through the inside 
of a double-walled, flush-jointed drill casing (Jenkins and 
Lense, 1967). Drill logs furnished by the USGS were 
incorporated in a draft report prepared by the former 
Marine Minerals Technology Center (U.S. Bureau of 
Mines, 1967) but never published. Drill logs include 
estimates of grain-size distributions from which the sed­
iment was categorized into simplified textural classes (fig. 
6). 

The boreholes penetrated intercalated beds of het­
erogenous texture and composition (U.S. Bureau of 
Mines, 1967). Sixteen holes extended to bedrock where 

1 6 e 1967 USGS and USBM borehole and number 

chloritic and graphitic schists and marble were encoun­
tered. These constitute the dominant lithologies in the 
overlying sediments, although granite and quartzite were 
present as well. Most of the sediments are overconsoli­
dated and are composed of mixed particle sizes including 
sand and poorly rounded pebbles and cobbles in a matrix 
of silty clay. Drilling problems indicated that boulders 
were encountered as well. Secondary textures include 
rounded and sorted gravel, well-sorted sand, and 
organic-rich silt. Fragmented molluscan shells are scat­
tered throughout the sediments with localized concentra­
tions of complete valves found within sorted silty clay, 
primarily in the deeper parts of the section. The litho­
stratigraphy interpreted from the borehole logs is depict­
ed in a series of schematic sections drawn perpendicular 
to the shoreline (figs. 5, 7). The sections illustrate the 
lack of stratigraphic continuity that makes correlations 
with seismic-stratigraphic units difficult. 

Origin of Sediments 

Some of the stratigraphic complexity of the Nome 
nearshore sediments may be an artifact of the crude 
borehole sampling procedure, and part may be attributed 
to the dynamic Quaternary geologic processes responsi­
ble for its deposition and subsequent deformation and 
reworking. Admixtures containing striated and faceted 
pebbles of exotic lithologies, such as those found only in 
the Kigluaik Mountains, can confidently be assigned a 
glacial origin, although they may have been subsequently 

0 5 KILOMETERS I....,. ... ,...,., _, ...., ... , .......... 1 I Bering Sea 
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Figure 5. Locations of U.S. Geological SuNey (USGS) and U.S. Bureau of Mines (USBM) boreholes drilled in 1967 (U.S. 
Bureau of Mines, 1967). Base from U.S. Geological Survey, 1:63,360, Nome B-1, C-1, and C-2 quadrangles, 1950. 
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reworked. Glaciers advancing southward over the Nome 
nearshore area could have incorporated into their depos­
its large, discrete blocks of the underlying cohesive 
marine mud, producing the observed intercalated 
sequences of diamicton and sorted, fossiliferous silty clay. 
Further complexity was likely induced by glacial defor­
mation at the former oscillating ice margin. 

The spectacular exposures of glaciotectonically 
deformed Pleistocene marine and glaciogenic sediments 
on Baldwin Peninsula in the Kotzebue Sound region (fig. 
1; McCulloch, 1967; Brigham -Grette and Hopkins, 1988; 
Huston and others, 1989), may provide an analog for at 
least part of the sediments of the Nome nearshore area. 
Exposures along the west shore of Baldwin Peninsula 
exhibit large-scale folding that juxtaposes fossiliferous 
marine silt and bouldery diamicton. 

The close association of sediments displaying both 
marine and glacial characteristics in the Nome near­
shore area can be attributed to characteristic glacial 
processes. Implicit in this mechanism is the assumption 
that by the time ice advanced onto the coastal plain, 
worldwide sea level had fallen to expose the marine 
sediments to glacial reworking. However, the timing of 
global sea-level fall in relation to early and middle 
Pleistocene glacial advances on Seward Peninsula is not 
known. A combination of glacial-isostatic, or ocean- and 
atmospheric-circulation effects may have permitted gla­
ciers in the Bering Strait region to advance to open water 
when sea level was near its present position. 

In the absence of a continuous sediment core, no 
complete sedimentologic interpretation of the offshore 
sediments can be made. However, striated pebbles found 
within fossiliferous marine silty clay may be interpreted 
as glacial ice-rafted debris, and poorly sorted silty gravel 
containing striated and erratic stones intermixed with 
marine molluscan shells (USGS-USBM, unpub. data, 
1967) may represent ice-proximal glacial-marine sedi-

PEBBLES 

SILT & 
CLAY ~--~------~------~----SAND 

Figure 6. Fourfold classification scheme used in this report 
for sediment recovered from offshore boreholes. 

mentation. Whether the shells were incorporated into the 
glacial sediment from older marine units or deposited 
synchronously with the glacial debris has not been deter­
mined. 

Although no emergent deposits exposed in the 
Nome area are interpreted as glacial-marine sediment, 
Petrov (1967; written commun. cited in Hopkins, 1973) 
described glacial-marine sediments within the Pinakul' 
and Kresta Suites of the Chukotsk Peninsula, northeast 
Siberia. Khoreva (1974) believed that these deposits are 
in part coeval with the Anvilian transgression. Prelimi­
nary work suggests that the shelly diamicton exposed on 
the east shore of Kotzebue Sound (Huston and others, 
1989; Hopkins and others, 1989) may also be of early to 
middle Pleistocene glacial-marine origin. If correctly 
interpreted, these deposits indicate that the Nome River 
glaciation took place at a time of relative high sea level or 
that a large part of the continental shelves of the Bering 
and Chukchi Seas was depressed perhaps 100m below its 
present level. 

Indirect evidence of reconstructed ice extents and 
probable moisture sources is also consistent with the idea 
that glacial-marine sediments are present on the conti­
nental shelf adjacent to southwestern Seward Peninsula. 
Vast areas of the Chukchi-Bering platform supported 
glaciers during early to middle Pleistocene time (fig. 8; 
Hopkins, 1973). West of Seward Peninsula, a large ice 
cap centered over the Chukotsk Peninsula, northeastern 
Siberia, spread onto the continental shelf (Petrov, 1967; 
Creager and McManus, 1967; Silberman, 1969), far 
enough to encroach onto St. Lawrence Island (Hopkins 
and others, 1972). This ice cap may have coalesced with 
extensive glaciers originating in the low, rolling York 
Mountains of western Seward Peninsula (fig. 1) that have 
been described by Sainsbury (1967a, b) and Kaufman 
and Hopkins (1986). North of Seward Peninsula, large 
glaciers flowed from the western Brooks Range and 
coalesced in eastern Kotzebue Sound. Such tremendous 
volumes of ice in central Beringia undoubtedly had a 
significant isostatic effect. Whether the crustal depres­
sion was sufficient to offset the eustatic fall of sea level so 
that the northern shoreline of Bering Sea met the glaciers 
advancing onto the coastal plain at Nome is not known. 

Nonetheless, the great extent of these early to 
middle Pleistocene glaciers is itself compelling indication 
that ice accumulated in central Beringia during a period 
of high worldwide or local sea level. Hopkins (1973) first 
proposed that the persistent submergence of the Bering 
shelf provided the moisture source necessary to generate 
the great mass of ancient glacier ice. The isostatic effects 
of ice buildup may have been secondary to phase rela­
tionships between ice advance in central Beringia and 
sea-level fluctuations in the world's oceans. The situation 
may have been somewhat analogous to that proposed for 
the Eastern Canadian Arctic, where Miller (1985) sug­
gested that major glaciations occurred during the final 
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stages of global interglacial events, presumably during 
periods of high-latitude insolation minima and relatively 
warm oceans. 

AMINOSTRATIGRAPHY 

Preliminary results of amino acid analyses, in 
progress at University of Colorado's Amino Acid Geo-

A 

chronology Laboratory under the direction of G.H. 
Miller, are used here to correlate stratigraphic units 
between onshore and offshore sites and to constrain the 
timing of major geologic events that dispersed and recon­
centrated the particulate gold of the Nome area. The 
procedure for amino acid analysis involves the separation 
of the amino acid D-alloisoleucine (aile) from its diaster­
isomer L-isoleucine (Ile ); the ratio of these two amino 
acids ( aile/Ile) is a measure of the extent of amino acid 
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Figure 7. Schematic lithostratigraphy of the Nome nearshore area based on unpublished U.S. Geological Survey (USGS) and 
U.S. Bureau of Mines (USBM) well logs (see fig. 5 for locations of section lines and boreholes). Sea-floor and bedrock 
topography from U.S. Bureau of Mines (1967}. Values in parentheses are mean amino acid ratios (aile/lie, total) measured in 
shells recovered from plotted depth. Relative gold content from USGS and USBM (unpub. data, 1967}. Section A-A' shows 
onshore marine sediments of three transgressions. 
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diagenesis and provides a value that is proportional to the 
age of the fossil (see Wehmiller, 1982, for a summary of 
stratigraphic and chronologie applications of amino acid 
analysis). 

Amino acid ratios ( alle/Ile, total amino acid ass em­
blage) in molluscan shells recovered from the USGS­
USBM boreholes are plotted alongside the lithostrati­
graphic columns in figure 7. Amino-acid diagenetic rates 
are similar in the molluscan generaHiatella and Mya over 
the broad range of amino acid ratios measured in shells 
from the Nome area. Comparisons among other genera 
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should be made with caution. Overall, the ratios range 
from 0.02 in several shells found near the sea-floor 
surface to 1.10 in shells recovered from near the base of 
several boreholes, about 50 m below the sea floor (fig. 9). 
Ratios measured in most shells from the upper 20 m of 
sediment range between 0.4 and 0.6. Within this interval, 
ratios do not follow in stratigraphic order, suggesting that 
older shells have been reworked into younger sediment. 
Moreover, the entire range of values from 0.4 to 0.6 
commonly co-occur within a single borehole-sample in­
terval. This range of values is comparable to the range 
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(0.38 to 0.58) measured in Hiatella and Mya shells from 
the type locality of the late Pliocene Beringian marine 
transgression (fig. 7, section A-A'). Because amino acid 
ratios are dependent upon thermal conditions as well as 
age, though, the correlation between onshore and off­
shore ratios is presently not secure and awaits further 
study. 

The broad range and mixed stratigraphic order of 
amino acid ratios measured in molluscan shells from the 
upper 20 m of sediment is indicative of considerable 
sediment reworking. Strong evidence of sediment re­
working is further exemplified in USGS-USBM borehole 
5 (fig. 7, section B-B') in which several shells recovered 
from 15m below the sea floor yield ratios of 0.11 and are 
overlain by redeposited sediment containing older mol­
luscan valves with amino acid ratios clustering about 
0.50. The 0.11 ratios fall within the range of 0.08-0.12 in 
Hiatella and Mya and are certainly no older than mol­
lusks from the type locality of the Anvilian marine 
transgression. Therefore, the incorporation of older, re­
worked sediment into the top 15 m of borehole 5 took 
place after the Anvilian transgression. We cannot exclude 
the possibility that the younger shells were introduced 
into the lower sample intervals during the drilling oper­
ation. This is unlikely because (1) the inner casing was 
thoroughly flushed between samplings for recovery of 
gold, and (2) if introduced from above, the overlying 
sample intervals should contain younger shells, yet none 
has been found. 

Below 20 m, amino acid ratios increase more 
regularly and show fewer reversals with depth (fig. 9). 
Continuous deposition of sediments deeper than about 
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Figure 8. Approximate extent of early to middle Pleistocene 
glaciers (pattern) in central Beringia (modified from Hopkins, 
1973). 

20 m below the sea floor is supported by a sharp decline 
in particulate-gold concentration below this level (fig. 
10). The upper 20m of nearshore sediment was enriched 
in particulate gold by reworking as well as through the 
input of gold-bearing debris carried by glaciers that 
advanced across mineralized zones of southwestern 
Seward Peninsula during the Sinuk and Nome River 
glacial intervals. 

GEOLOGIC CONTROLS ON PLACER-GOLD 
DISTRIBUTION 

In general terms, the distribution of placer-mineral 
concentrations is the product of interactions between 
primary sources and surficial geologic processes. This 
section focuses on surficial geologic controls of placer­
gold dispersement and reconcentration. However, be­
cause placer-gold concentrations are typically found 
close to their source rock, even in glaciated terrains 
(Cobb, 1968; Lu and others, 1968), the distribution of 
possible source rocks must be considered. 

The paucity of lode-gold sources on Seward Pen­
insula led Moffitt (1913, p. 128) to conclude that some of 
the rich placers were formed by the weathering of a great 
volume of rock containing a small amount of disseminat­
ed gold. Large amounts of gold may have been released 
during the intensive interval of Tertiary weathering indi­
cated by deep weathering profiles found in central 
Seward Peninsula (Hopkins, 1963). Gold-bearing depos­
its of Tertiary age are known on Seward Peninsula 
(Hopkins and others, 1971; Yeend and others, 1988) 
where, as at other locations in Alaska, they may have 
been reworked to form younger deposits with enriched 
concentrations (Yeend, 1984). 

Brooks (1908, p. 122) emphasized the association 
of limestone-schist contacts with gold-bearing lodes and 
placer-gold deposits. His early theory is supported by a 
recent study of eight placer-gold-producing districts of 
Seward Peninsula, in which Yeend and others (1988) 
found a strong spatial association between bedrock type 
and placer-gold resources. As in the Nome district, all of 
the placer areas are underlain by low-grade metamorphic 
rocks divisible into several mappable lithostratigraphic 
units. Exposures of the mixed unit of Till and others 
(1986), dominated by quartz-graphite schist and marble, 
are common to all areas. This bedrock unit is the most 
likely source of gold on Seward Peninsula. 

Gold of placer deposits is typically of chemical as 
well as detrital origin (Boyle, 1987, p. 540). The chemical 
processes of solution, migration, and reprecipitation of 
gold in auriferous deposits is complex and beyond the 
scope of this report. 

Quaternary Geologic Processes 

Global climate fluctuations of the Quaternary have 
furnished ideal conditions for placer formation by regu-
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lating geomorphic processes that alternate between ero­
sion and deposition (Sutherland, 1985). In the Nome 
area, the distribution and nature of placer deposits are 
controlled by Quaternary geologic factors, including gla­
cial erosional, depositional, and deformational processes; 
sea-level fluctuations; marine shoreline and nearshore 
processes; fluvial processes; faulting and subsidence. 
Figure 11 presents a conceptual framework for the 

intricate relation between these geologic factors and the 
distribution of placer gold. 

Glacial Processes 

Glacier ice is an effective agent of erosion and 
transport; it can produce and indiscriminately carry large 
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volumes of poorly sorted sediment. At the margins of the 
glacier, the sediment is readily reworked by great dis­
charges of glacial meltwater that concentrate heavy min­
erals in channels cutting through auriferous till. The 
abundant coarse constituents of glacial debris provide an 
ideal substrate for entrapment of heavy-mineral grains 
between larger framework particles, a mechanism that 
Reid and Frostick (1985) show to be especially impor­
tant. 

Geologic controls on the distribution of placer gold 
in the N orne area were discussed by Nelson and Hopkins 
(1972). They advocate that glaciers played the principal 
role in eroding gold from source rocks and weathered 
debris and redistributing it onto the coastal plain during 
what they believed were periods of lowered sea level. The 
gold was subsequently reconcentrated from the till by 
marine and fluvial activity. Their model accounts for the 
strong correspondence between the distribution of till 

and heavy-mineral enrichments, including gold (Hop­
kins, 1968) and mercury-bearing minerals (Nelson and 
others, 1972). 

Because the early glaciers that advanced over the 
Nome area may have terminated in the marine environ­
ment, both glacial-terrestrial and glacial-marine deposi­
tional models for the nearshore sediments must be 
considered (fig. 12). The implications of these two mod­
els to offshore gold distribution and resource potential 
are fundamentally different. For the terrestrial model, 
particulate gold is not expected to travel more than 
several kilometers in outwash streams. In the glacial­
marine model, on the other hand, ice rafting and subma­
rine debris flows may distribute gold greater distances 
beyond the glacier terminus. Where a sea-floor rise is 
present, such as a morainal ridge located at a former, 
more extensive ice position, ice-rafted debris will accu­
mulate under the grounded bergs. 
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Marine Processes 

Nearshore and coastal areas of Norton Sound are 
strongly affected by storm-generated currents and waves 
(Nelson, 1978; Larsen and others, 1981). In the Nome 
area, bottom currents flow intermittently at speeds of up 
to nearly 2 knots (100 em per second), moving in either 
direction parallel to the coast (Nelson and Hopkins, 
1972). The ability of these episodically strong bottom 
currents to winnow the sea-floor sediments and concen­
trate heavy minerals is augmented by the repeated mi­
gration of shoreline, and its accompanying high-energy 
littoral zone, over the continental shelf of the northern 
Bering Sea during eustatic fluctuations of Pleistocene 
seas. In this manner, both wave and current activity have 
reworked considerable volumes of material over broad 
areas of the sea floor. Lag concentrates formed by this 
process have been described on the Canadian continental 
shelf (Emery-Moore and others, 1988; Hein and Syvitski, 
1988) and over much of the shallow Bering Sea (Mc­
Manus and others, 1977). 

Within the dynamic shoreline zone, storm­
generated waves play a principal role in forming beach 
placers. Because they break close to the beach with high 
frequency, storm waves are particularly effective in mobi­
lizing beach sediment. During high-wave activity, coarser 
particles and heavy minerals are left in the upper beach 
zone as a lag deposit (Komar and Wang, 1984). During 
quiescence, constructional beach sediments containing 
minor concentrations of heavy minerals are deposited 
over the basal-lag deposits. Then, seasonal climatic 
changes bring storm surges that, once again, destroy the 
beach and further expand the heavy-mineral lag. Thus, 
the alternation between destructive and constructive con­
ditions is responsible for the development of the richest 
concentrations in beach placers (Sutherland, 1987). Such 
lag deposits have been described from the emergent 
beaches near Nome (Moffitt, 1913), where they form 
lenticular pay streaks parallel to the shore (fig. 3). The 
sand composing and, especially, the wave-washed gravel 
underlying these beaches are enriched in gold derived 
from both the wave reworking of underlying gold-bearing 
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Figure 12. Two alternative models for depositional environment of sediments offshore of Nome. 
Glacial-marine model modified from Boulton and Deynoux (1981). 
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till and from contemporaneous stream input, as indicated 
by the intercalation of auriferous fluvial and marine 
sediments near the mouth of Anvil Creek (fig. 3; Moffitt, 
1913). 

Sutherland (1987) identified two general shoreline 
locations where heavy minerals, particularly fine-grained 
gold, are preferentially concentrated. The first is the area 
of coast that receives a maximum amount of wave energy. 
Here, sediment fluxes are high, and particles that are 
stable in all but the highest energy events are retained 
while finer particles are removed. Accordingly, there is a 
net gain in the coarsest or hydraulically equivalent higher 
density particles undergoing longshore transport. The 
second location is where transport energy is reduced, 
causing preferential deposition of heavy minerals while 
less dense particles continue along shore. 

The configuration of the coast is important in 
localizing heavy-mineral deposits (Jones and Davies, 
1979; Sutherland, 1987). Headlands obstruct longshore 
drift, causing heavy minerals to be retained in the high­
energy zone immediately updrift of the headland, while 
lighter minerals are passed around the headland. This 
process has operated on a variety of scales in forming the 
emergent beach placers near Nome, where mining activ­
ities revealed gold concentrations along the west-facing 
side of shoreline indentations and bedrock projections 
(Moffitt, 1913, p. 116). 

Fluvial Processes 

Because the finer grain size fraction of bedload is 
enriched in heavy-mineral grains, it tends to remain on 
the stream bed while larger, lighter grains protruding 
into the current are preferentially entrained (Reid and 
Frostick, 1985). This effect is augmented by the high 
specific gravity of placer minerals that require larger 
forces to be dislodged. The combination of winnowing 
and inertia-controlled processes, working with cyclic re­
sponse of fluvial systems to climatic changes or intermit­
tent tectonism, create ribbon-shaped lag deposits that fill 
etches on underlying erosional surfaces. Fluvial-placer 
deposits of this type are common on Seward Peninsula 
and elsewhere around the world. At Nome, concentra­
tions of coarse-grained gold roughly define old drainage 
lines, despite subsequent dispersal and reworking by 
wave and glacial activity (Tuck, 1968). 

During intervals of eustatically lowered sea level, 
ancient streams graded to lower base levels incised and 
reworked preexisting sediments that mantle the conti­
nental shelf of the northern Bering Sea. Seismic profiling 
in Norton Sound reveals an extensive network of both 
surficial and deeply buried ancient channels (Greene, 
1970; Grim and McManus, 1970; Tagg and Greene, 
1973; Hess, 1985). The ability of ancient streams to have 
concentrated placer gold is dependent not only upon 

their hydraulic characteristics and the extent to which 
their channels migrated, but also on the gold content of 
the source material through which they eroded. Nelson 
and Hopkins (1972, p. 24) indicated that stream-bottom 
alluvium containing coarse-grained gold is restricted to 
areas floored by till. Furthermore, they stated that the 
ancient streams that crossed till apparently did not carry 
gold any great distance beyond the glacial debris, just as 
coarse placer gold in present-day Arctic streams is not 
transported more than 3.0 to 4.5 km from its source 
(Tuck, 1968). 

Faulting and Subsidence 

The location of erosional sites favorable for re­
working of sediment, as well as depositional centers 
where sediment continuously accumulates, is controlled 
by faulting and subsidence. The apparent cessation of 
crustal subsidence of Norton Sound in the late Pliocene 
transformed the Nome nearshore area from a deposi­
tional center into a site of sediment transport and ero­
sion. The development of a seaway through Bering Strait 
aided in reducing sediment accumulation in the near­
shore area by moving most of the sediment entering 
Norton Sound onward to the Arctic Ocean (McManus 
and others, 1974). 

The location of fault scarps that cut the present or 
a former sea floor is of particular interest in the offshore 
area where headlands do not obstruct currents (Tagg and 
Greene, 1973; Thor and Nelson, 1980). By regulating the 
rate of shoreline migration, these scarps may have con­
trolled the position of beach-ridge deposition (for exam­
ple, see figure 5 of Nelson and Hopkins, 1972). More 
importantly, they localize wave activity and provide a 
geomorphic trap for concentrating heavy minerals. 
Whether any of the offshore faults are associated with 
primary mineralization is not known. However, one fault 
zone offshore of Nome was penetrated by a borehole 
extending several meters into fault-gouge material, all of 
which was barren of gold (USGS-USBM, unpub. data, 
1967). 

Recent tectonism in Norton Sound has produced a 
series of northwest-trending horst and graben features 
(Johnson and Holmes, 1980). The uplifted blocks may 
have been sites of intensified sediment reworking that 
produced heavy-mineral enrichments, such as the gold­
rich relict sediments found on topographic highs over 
glacial till (Nelson, 1971). 

RESOURCE POTENTIAL 

In their appraisal of placer-gold resources offshore 
of Nome, Nelson and Hopkins (1972) found the richest 
concentrations and coarsest particles of gold in sea-floor 
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lag gravel mantling glacial till, in basal gravel deposits of 
ancient stream valleys cutting the auriferous till, and in 
gravel patches over bedrock. Lag-gravel deposits formed 
on till contain gold concentrations typically 10 times 
greater than background value; in places, enrichments of 
approximately 2.2 glm3 have been reported (Nelson and 
Hopkins, 1972). Gold enrichments of this magnitude 
represent sediment deflation on the order of 1.5 to 2.5 m. 
The gold is predominantly coarse grained ( > 1.0 mm) 
and resistant to transport by even the strongest currents 
measured offshore. Interestingly, however, the same 
relict gravel contains low concentrations of other heavy 
minerals with specific gravity low enough to be moved by 
strong bottom currents while gold is left behind (Sheth, 
1971). 

Tagg and Greene (1973) delineated six tracts in the 
Nome nearshore area most favorable for placer-gold 
enrichment based on the presence of buried channels and 
beach ridges and proximity to till. Typical gold concen­
trations in this area are reported to range between 0.49 
and 0.65 glm3 (0.012 and 0.016 troy oz/yd3

; U.S. Office of 
Technology Assessment, 1987). Very little is known 
about the distribution of source material outside of the 
area directly offshore of Nome. 

The spatial distribution of placer gold, especially 
coarse-grained particles ( > 1 mm ), is strongly dependent 
upon the location of source material. Fine-grained gold is 
more widely dispersed and may form significant localized 
concentrations in areas distant from source material. 
Seismic profiles were used to delineate the extent of till 
and outcropping-bedrock areas that may be contributing 
gold in the Nome nearshore area (U.S. Bureau of Mines, 
1967; Tagg and Greene, 1973). Bedrock intersects the 
sea floor near the western limb of the Snake River valley 
trough (fig. 3) and in the Sledge Island area (fig. 1 ), 
where coarse-grained gold is found on the sea floor 
(Nelson and Hopkins, 1972). End moraines were delin­
eated about 5 km beyond the coast at Nome and west of 
Nome beyond the mouth of the Sinuk River (Nelson and 
Hopkins, 1972; Tagg and Greene, 1973). However, un­
like their broad, voluminous onshore counterparts, these 
moraines are not raised topographic features that char­
acterize glacial-terrestrial ice-marginal deposits. Coarse­
grained gold found in surface samples beyond the 
inferred moraines (Nelson and Hopkins, 1972) indicates 
that mass transport of gold-bearing sediments extended 
beyond these limits. Whether these coarse-grained par­
ticles were derived in situ from source material or rafted 
in by sea ice is not known. The presently mapped limit of 
till may represent a former glacier grounding line. If the 
glacial advance took place at a time of high relative sea 
level, submarine debris flows would have discharged 
from this position, depositing digitate lobes of poorly 
sorted sediment, including coarse-grained gold, many 
kilometers seaward. Icebergs calving from the glacier 
terminus would have dispersed gold-bearing debris into 

Norton Sound, where the sediment would have accumu­
lated on sea-floor rises that trapped the icebergs. 

Within the area sampled by the USGS-USBM 
boreholes-a narrow tract roughly coinciding with the 
inferred limits of till-there is apparently no seaward 
decline in gold concentration within the upper 20 m of 
sediment (fig. 10). The vertical distribution of gold, 
however, is less regular (fig. 13) and is apparently corre­
lated with sediment grain size (fig. 7). Overall, the 
greatest enrichments are found within the uppermost 2 m 
of sediment. When only the richest 50 percent of the 
intervals are considered, the greatest concentrations oc­
cur 2-4 m below the sea-floor surface; a secondary 
enrichment is found at approximately 18 m depth. These 
subsurface horizons, marked by enrichments of heavy 
minerals, may represent buried erosional surfaces anal­
ogous to the present sea floor. With additional amino 
acid analyses of molluscan shells, it will be possible to test 
this hypothesis by identifying the position of disconform­
ities that may record periods of sediment reworking. 
Gold enrichments are expected along surfaces between 
adjacent, perhaps lithologically identical, units containing 
mollusks with dissimilar amino acid ratios. 

Although the bulk of the gold recovered in the 
USGS-USBM boreholes is contained within the upper 20 
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m of section, particulate gold is present in minor concen­
trations at depths up to 30 m below this level. Molluscan 
shells from these depths yield amino acid ratios that are 
much higher ( > 1.0) than the Beringian ratios, and fossil 
pollen from this level records a nearby coniferous forest 
with spruce, pine, and fir represented (D.M. Hopkins, 
University of Alaska, unpub. data, 1968). These pre­
Beringian sediments predate the oldest emergent glacial 
deposits on Seward Peninsula. The gold found within the 
lower marine section was most likely derived from 
streams that carried gold to the sea and from the direct 
release of gold from submarine sources including miner­
alized bedrock and the thick in situ regolith developed 
during the postulated interval of prolonged subaerial 
Tertiary weathering. This possible source is now insulat­
ed from the sea-floor surface by a seaward-thickening 
wedge of late Cenozoic marine and continental deposits. 

CONCLUSIONS 

A multitude of late Cenozoic geologic processes 
are reflected in the stratigraphic complexity and sedi­
mentologic diversity of deposits recovered in the 1967 
USGS-USBM boreholes and depicted in seismic profiles 
of the Nome nearshore area. The extent of amino acid 
diagenesis in fossil molluscan shells indicates that the 
Nome nearshore area received continuous marine sedi­
mentation during the late Tertiary. A dramatic sedimen­
tologic change is recorded at about 20 m depth in the 
boreholes. This level apparently coincides with the time 
of the Beringian marine transgression, when continuous 
deposition was replaced by intensive sediment reworking. 
Following the Beringian transgression, fluctuating sea 
levels, migrating river channels, advancing glacier ice, 
and jostling crustal blocks have repeatedly replenished, 
reworked, and deformed the sediments. These interact­
ing processes governed the distribution of particulate­
gold concentrations in the upper 20 m of offshore 
sediment and on bedrock or in beach sediments onshore. 

Data from the USGS-USBM 1967 boreholes indi­
cate that, within the area extending approximately 5 km 
seaward of Nome, gold values in the top 20 m of 
sediment do not decrease seaward. The greatest concen­
trations are found within the uppermost 4 m of the 
sea-floor deposits. Erosional surfaces, marked by gold­
enriched lag-gravel deposits analogous to those blanket­
ing the present sea floor, may be buried within the 
sequence of Quaternary deposits. Because the distribu­
tion of gold concentrations and glacial deposits are 
strongly related, the extent of former glaciers is funda­
mental to the resource potential of offshore sediments. 
The presently mapped limit of till in the Nome nearshore 
area may represent a glacier grounding line from which 
submarine debris flows and icebergs where discharged 
carrying gold-bearing debris into northern Norton 
Sound. 

Beginning with the turn of this century, geologic 
studies of the Nome coastal plain have furnished infor­
mation on the major late Cenozoic geologic events of the 
region. However, the stratigraphy and placer-gold con­
tent of sediments mantling the adjacent continental shelf 
remain largely unknown, and at present, can only be 
inferred from theoretical considerations and past inves­
tigations concentrated in the Nome nearshore area. The 
geology and resource potential outside of this area are 
even more speculative. An accurate appraisal of the 
placer-gold resources in the offshore sediments awaits 
further exploration. Sedimentologic studies aimed at 
determining more precisely the mechanisms by which the 
auriferous sediments have been transported, deposited, 
and reworked will greatly improve our predictive models 
of gold distribution. 
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Nature of the Basal Contact of the Tozitna Terrane along the 
Dalton Highway, Northeast Tanana Quadrangle, Alaska 

By Thomas E. Moore and John M. Murphy 

Abstract 

Geologic mapping in the Fort Hamlin Hills in central 
Alaska shows that the basal contact of the Tozitna terrane is 
exposed in roadcuts between mileposts 65 and 72 of the 
Dalton Highway. Although elsewhere poorly exposed, many 
workers have proposed that this contact is a low-angle fault 
of regional significance. Our mapping shows that a structural 
stratigraphy is present along the contact and consists of, 
from structural base to top, (1) undeformed to strongly folded 
sedimentary rocks associated with the Ruby terrane; (2) 
flaggy phyllite with sedimentary structures transposed by 
foliation; (3) tectonic melange consisting of volcanogenic 
rocks, quartzose sandstone, and chert-pebble conglomerate 
in a scaly argillite matrix, and (4) fault slivers of volcanic 
rocks, diabase, bedded chert, argillite, and lithic sandstone 
of the Tozitna terrane. We interpret the structural stratigraphy 
and other field data as evidence that, at least at this locality, 
the basal contact of the Tozitna terrane is a shallow, 
southward-dipping zone of distributed shear as much as 2 
km thick. 

INTRODUCTION 

The Tozitna terrane (Jones and others, 1987) 
consists of a structurally complex assemblage of mafic 
igneous rocks of probable oceanic affinity with lesser 
amounts of tuff, chert, argillite, graywacke, and limestone 
(Jones and others, 1986, 1987; Patton and Box, in press). 
This terrane forms part of a northeast -trending belt along 
the east flank of the Ruby geanticline in central Alaska 
and extends into the northeastern end of the Brooks 
Range (fig. 1). Together with the Angayucham and 
Innoko terranes (Jones and others, 1987), Jones and 
others (1986) and Patton and Box (in press) proposed 
that the Tozitna terrane represents parts of enormous 
thrust sheets of mafic and ultramafic rocks emplaced 
during Early Cretaceous time onto the regionally meta­
morphosed rocks of the continental Arctic Alaska and 
Ruby terranes (Jones and others, 1987). Although tec­
tonic contacts are exposed at the base of the Angay­
ucham terrane in the Brooks Range (Nelson and Nelson, 
1982; Dillon and others, 1986; Ellersieck and others, 
1984), the basal contact of the Tozitna terrane on the 

Ruby terrane is mostly concealed or poorly exposed. 
During the 1988 field season of the Trans-Alaska Crustal 
Transect (TACT) geologic studies project, we examined 
and mapped this contact in several places where it is 
reasonably well exposed in cuts along the Dalton High­
way and nearby Trans-Alaska pipeline, about 15 km 
northwest of the Yukon Crossing (figs. 1, 2). Our obser­
vations indicate that the base of the Tozitna terrane is a 
gently dipping tectonized zone at least 2 km thick and 
consists of a vertical succession of mappable structural 
units. This paper describes the structural stratigraphy of 
this tectonized zone and our preliminary ideas of its 
origin. 

GEOLOGIC SETTING 

Regional mapping (Patton and Miller, 1973; 
Brosge and others, 1973) has shown that the pre­
Cretaceous rocks of central Alaska north of the Yukon 
River consist of four primary lithologic belts. Units 
composed of quartz-mica schist with rare marble, quartz­
ite, and orthogneiss form the core of the northeast­
trending Ruby geanticline. Flanking these metamorphic 
rocks are parallel belts of phyllite and metagraywacke, 
mafic volcanogenic rocks, and gabbroic and ultramafic 
rocks. The sedimentary protolith of the phyllite and 
metagraywacke belt consists of quartz and chert-rich 
detritus of Devonian age (Murphy and Patton, 1988) and 
was originally included with the quartz-rich metamorphic 
rocks in the Ruby terrane by Jones and others (1986, 
1987). On the other hand, the upper Paleozoic and lower 
Mesozoic volcanic, gabbroic, and ultramafic rocks were 
assigned to the Tozitna and Angayucham terranes. The 
Tozitna and Angayucham terranes are distinguished on 
the basis of varying proportions of key lithologies and 
their respective structural positions on opposite sides of 
the Ruby geanticline. Recently, Patton and Box (in press) 
have revised this nomenclature and refer to the phyllite­
metagraywacke, volcanogenic, and gabbroic and ultra­
mafic belts as the Slate Creek, Narvak, and Kanuti thrust 
panels, respectively, of their composite Angayucham­
Tozitna terrane, whereas the Ruby terrane is restricted to 
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the quartz-mica schists in the core of the Ruby geanti­
cline. This scheme emphasizes the close structural asso­
ciation of the three belts flanking the Ruby geanticline 
throughout central Alaska. It also notes that both the 
Tozitna and Angayucham terranes consist of similar 
successions of flat- to moderate-dipping thrust sheets 
which are arranged in a consistent stacking order (in 

ascending order, Slate Creek, Narvak, and Kanuti thrust 
panels). Although we use the nomenclatural system of 
Patton and Box (in press), we believe that the striking 
contrast between the quartzose composition and proba­
ble continental provenance of strata in the Slate Creek 
thrust panel and the dominantly mafic igneous rocks of 
probable oceanic affinity in the Narvak thrust panel 
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indicates that this contact is one of the most fundamental 
tectonostratigraphic boundaries in central Alaska. 

GEOLOGY OF THE FORT HAMLIN HILLS 

Three important east-trending and south-dipping 
units can be distinguished locally in the Fort Hamlin 
Hills, about 15 km northwest of the Yukon Crossing 
(figs. 1, 2). These units are best exposed in roadcuts 
between mileposts 65 and 72 of the Dalton Highway. The 
southernmost and structurally highest unit consists of 
diabasic intrusive and mafic volcanic rocks assigned to 
the Narvak thrust panel, whereas the northernmost and 
structurally lowest unit consists of thin-bedded sand­
stone, argillite, and phyllite assigned to the Slate Creek 
thrust panel. The intervening, lithologically mixed and 
structurally complex unit consists of broken formation, 
imbricate fault slices, and tectonic melange. These three 
units extend eastward for a strike distance of at least 15 
km. 

A granite pluton intrudes the Slate Creek thrust 
panel where exposed along Dalton Highway. This pluton 
extends eastward along the northern flank of the Fort 
Hamlin Hills where it intrudes schist of the Ruby terrane 
(figs. 1, 2). On the eastern flank of the Fort Hamlin Hills, 
we observed a thin zone of multiply deformed schist of 
the Ruby terrrane along the southern margin of the 
pluton. Although we could only approximately locate the 
contact of these schists with the metasedimentary rocks 
of the Slate Creek unit in this area, these regional 
relationships indicate that the rocks of the Ruby terrane 
lie to the north, and beneath the Slate Creek thrust panel. 
Neither the pluton nor its weakly developed biotite and 
andalusite contact-metamorphic aureole were observed 
to crosscut the tectonized unit between the Narvak and 
Slate Creek thrust panels. Although undated, the pluton 
is lithologically similar to the widespread granitic batho­
liths of the Ruby geanticline dated by K-Ar and U-Pb 
methods at 104 to 112 Ma (Patton and others, 1987). 
Regionally, some of these batholiths intrude across the 
Ruby-Tozitna terrane boundary, suggesting that the plu­
ton in the Fort Hamlin Hills postdates the deformational 
structures contained in the Slate Creek thrust panel 
(Patton and Miller, 1973; S.E. Box, U.S. Geological 
Survey, written commun., 1988). 

STRUCTURAL STRATIGRAPHY ALONG 
DALTON HIGHWAY 

In roadcuts between mileposts 65 and 72 of the 
Dalton Highway at the eastern end of the Fort Hamlin 
Hills, the three map units are characterized by a succes­
sion of deformational structures as well as lithological 
changes. From base to top, this structural stratigraphy 
consists of (1) sedimentary and metasedimentary rocks 

of the Slate Creek thrust panel which display increasingly 
smaller scale structures upward, (2) a mixed zone con­
sisting of scaly argillite and melange, and (3) apparently 
coherent mafic volcanogenic rocks and lithic sandstone of 
the Narvak thrust panel (fig. 3). 

Slate Creek thntst panel.-In the study area, the 
Slate Creek thrust panel consists of mildly foliated meta­
sedimentary rocks that largely retain their sedimentary 
character. Dominant lithologies in the unit are argillite, 
graphitic phyllite, and thin-bedded, fine-grained and very 
fine grained sandstone (quartz and chert arenite). 
Sandstone-to-shale ratios in the unit are less than 1 to 10, 
and most sandstone beds are less than 5 em thick, 
although some are as thick as 20 em. The sandstone beds 
are commonly graded and locally display flute casts, 
groove marks, parallel lamination, convolute lamination, 
bioturbation, current ripple markings, ball-and-pillow 
structures, and intraformational folding. Bouma Tde 
sequences (Walker, 1984) characterize the unit, but rare 
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Ta-d sequences, coupled with the other sedimentary 
structures, indicate deposition of the unit by turbidity 
currents. Bedding in the unit appears to be nonchannel­
ized and laterally continuous, suggesting deposition in a 
basin-plain or interchannel environment on a submarine 
fan or a prodelta environment. In most places, the unit 
exhibits the lower greenschist facies metamorphic assem­
blage: quartz + albite + white mica + chlorite + rutile 
+ pyrite (S.E. Box, U.S. Geological Survey, written 
commun., 1984). Relict textures and minerals indicate 
that the sedimentary protolith consisted largely of quartz 
grains with abundant muscovite and possibly recrystal­
lized chert grains. 

Along the Dalton Highway, the Slate Creek thrust 
panel has a structural thickness in excess of 3 km and 
displays an upward variation in structural characteristics. 
The structurally lowest unit (figs. 2, 3, roadcut at mile 
71.0) of the thrust panel is generally coherent with a slaty 
cleavage parallel to bedding, although local changes of 
facing direction indicate the presence of outcrop- to 
map-scale folds. The structurally overlying unit of the 
thrust panel (figs. 2, 3, roadcut at mile 69.5) is highly 
disrupted and consists of broken formation. Sedimentary 
bedding in this unit displays abundant tight to isoclinal, 
asymmetric folds with fold amplitudes commonly less 
than 100 em. The folds have an associated axial-planar 
cleavage marked by a finely streaked crenulation linea­
tion that plunges gently to the southeast and parallel to 
fold axes. This unit grades upward into flaggy phyllite 
with planar foliation which forms the structurally highest 
part of the Slate Creek thrust panel. Sedimentary struc­
tures are absent in this zone and are completely trans­
posed by a strongly developed schistosity. The absence of 
sandstone and siltstone, the metamorphic texture, and 
the presence of S-C fabrics suggest that the uppermost 
unit may be mylonitic. 

Scaly argillite melange unit.-The transitional zone 
intervening between the Slate Creek and Narvak thrust 
panels (fig. 3) is a zone of mixed lithologies about 1 km 
thick. This unit is characterized by black scaly argillite 
and pencil-cleaved argillite which is in gradational con­
tact with the flaggy phyllite below. Throughout the unit, 
the argillite matrix has an anastamosing cleavage that 
approximately parallels the long dimensions of the en­
closed blocks and clasts. Locally, the scaly cleavage is 
strongly crenulated and is cut at high angle by a spaced 
cleavage. At the base of the unit, the scaly argillite 
contains rare boudins of quartzose sandstone as much as 
20 em in length, but sedimentary structures are otherwise 
absent in the unit. Structurally higher in the scaly argillite 
melange unit, boudins of sandstone are more common 
and are increasingly large. Near the top of the unit (figs. 
2, 3, road and pipeline cuts at mile 68.3) the scaly argillite 
forms a matrix that encloses phacoidal blocks of quartz­
ose sandstone, diabase, and stretched chert -pebble con­
glomerate that are as much as 50 m in length. Rare 

blocks of crossbedded quartzite were also observed in 
this unit near the crest of the Fort Hamlin Hills to the 
east. Some of the sandstone phacoids in the road and 
pipeline cuts are dismembered isoclinal fold hinges that 
float in the scaly argillite. The scaly argillite matrix in this 
area displays a streaky appearance probably as a result of 
extensive attenuation of sandstone laminae and contains 
rare, angular grains and pebble-sized fragments of dia­
base and quartzose sandstone. Petrographic examination 
of one sandstone block shows that it contains an incipient 
pressure solution cleavage, but the clastic texture and 
composition of the grains are otherwise identical to 
samples from the Slate Creek thrust panel (Sarah 
Roeske, University of Miami (Ohio), written commun., 
1988). 

NaTVak thrust panel.-Rocks of the Narvak thrust 
panel along the Dalton Highway are deeply weathered 
and relatively poorly exposed, but can be divided into 
units composed principally of (1) lithic sandstone and (2) 
mafic volcanic and hypabyssal rocks. The lithic sandstone 
unit (fig. 3) appears to be a local, 2 km-thick unit caught 
between the scaly argillite melange unit and the more 
widespread volcanogenic rock unit. The lithic sandstone 
unit consists largely of massive fine-grained sandstone 
and minor interbedded dark-gray phyllite. Sandstone­
to-shale ratios in this unit are much greater than 1, and 
bedding thicknesses are typically greater than 50 em. 
Rare graded bedding, Bouma Ta-d sequences, and inter­
nal erosional contacts suggest that the unit consists of 
facies B and C turbidites. Sandstone in the unit consists 
of roughly equal amounts of quartz, plagioclase, chert, 
and argillite fragments with a small but significant com­
ponent of potassium feldspar. In one roadcut, a narrow 
zone of recrystallized chert occurs within the unit (fig. 2, 
unit JDnc), suggesting that the unit is either interbedded 
or structurally interleaved with bedded chert. The com­
position and turbiditic character of the lithic sandstone 
unit resemble those of the Slate Creek thrust panel, 
raising the possibility that the lithic sandstone unit is a 
fault sliver of sandstone from the Slate Creek thrust 
panel caught along the margin of the scaly argillite 
melange unit. However, we provisionally assign the lithic 
sandstone unit to the Narvak thrust panel because (1) 
these sandstones contain a significantly larger proportion 
of feldspar and argillite grains than those reported for the 
Slate Creek thrust panel by Murphy and Patton (1988), 
(2) they display greater bedding thicknesses and repre­
sent a different sedimentary facies than the Slate Creek 
sandstones, (3) they are associated with probable fault 
slivers of diabase and chert and occur in a position 
adjacent to the Narvak thrust panel, and (4) they are less 
completely metamorphosed than the sandstone of the 
Slate Creek thrust panel. 

Although poorly exposed, exposures in a few road­
cuts and quarries suggest that the volcanogenic rock unit 
composes a greater proportion of the Narvak thrust 
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panel than the lithic sandstone unit. The volcanogenic 
unit consists of diabasic bodies with thick, local units of 
interstratified red and brown argillite, maroon radiolar­
ian chert, and thin .beds of plagioclase crystal tuff. It is 
unclear whether the diabasic rocks represent holocrystal­
line volcanic flows interstratified with the sedimentary 
rocks or hypabyssal units intrusive into the sedimentary 
rocks. In one place in the Fort Hamlin Hills, the diabasic 
rocks display well-developed columnar jointing. Similar 
rocks of the Narvak thrust panel exposed along the 
Yukon River west of Yukon Crossing (fig. 1) consist of 
pillowed volcanic rocks with interpillow limestone and 
chert and intercalated debris flows composed of mafic 
volcanic debris . These volcanic and sedimentary rocks 
are intruded by extensive units of microgabbro which 
regionally are the best exposed rocks in the Narvak thrust 
panel. Only features indicative of brittle deformation 
were observed to deform this unit, both along the Yukon 
River and the Dalton Highway. 

STRUCTURAL DATA 

Most published interpretations suggest that the 
mafic igneous rocks of the Narvak thrust panel of the 
Angayucham-Tozitna terrane were structurally 
emplaced onto the Ruby terrane (for example, Gemuts 
and others, 1983; Jones and others, 1986; Patton and 
Box, in press), but vary on the direction and amount of 
structural transport. Gemuts and others (1983) proposed 
that the rocks assigned to the Angayucham and Tozitna 
terranes by Jones and others (1987) were formed in 
parallel southwest-trending basins and were emplaced 
onto the Ruby terrane of Jones and others (1987) along 
southeast-vergent thrust faults. Patton and Box (in press) 
suggest that the composite Angayucham -Tozitna terrane 
was rooted in the Koyukuk basin and was emplaced 
southeastward over the entire Ruby terrane during Early 
Cretaceous time. Jones and others (1986), on the other 
hand, suggested that the mafic igneous rocks of the 
Angayucham and Tozitna terranes together form a con­
tinuous sheet which overrode the continental crystalline 
rocks of the Ruby, Yukon-Tanana, and Arctic-Alaska 
terranes from the south. Dover and Miyaoka (1985) and 
Miyaoka and Dover (1985) also suggested northwest­
ward emplacement for the Rampart Group (Tozitna 
terrane) over the Ruby terrane based on preliminary 
fabric analysis of structures in rocks assigned to the Ruby 
terrane by Jones and others (1987), but, like Gemuts and 
others (1983), did not correlate the Angayucham and 
Tozitna terranes. 

Our structural data from deformed rocks in the 
Slate Creek thrust panel and the scaly argillite melange 
unit along the Dalton Highway define two structural 
domains (fig. 4). Domain 1 consists of structures in rocks 
of the Slate Creek thrust panel displaying bedding and 

other sedimentary features. This domain includes both 
upright and overturned beds with attitudes that roughly 
parallel the axial planes of gently west-northwestward­
plunging fold axes. A few observations of fold asymmetry 
of domain 1 folds suggest clockwise, southwest-over­
northeast fold asymmetry. These data, together with the 
presence of beds overturned toward the north, suggest a 
north-northeast structural vergence for this structural 
domain. A weak crenulation cleavage is developed across 
the axial plane cleavage, but apparently is not associated 
with large-scale folds. 

Structural domain 2 consists of structures in the 
flaggy phyllitic rocks at the top of the Slate Creek thrust 
panel and in the scaly argillite melange unit. In this 
domain, poles to foliation form a diffuse partial girdle 
that originates at an orientation similar to the average 
orientation of the poles to bedding and axial planes of 
domain 1. In general, the foliations in domain 2 dip south 
and southeast and display crenulation and other linea­
tions that plunge down-dip toward the southeast. The 
dispersion of foliation is about the axis of crenulation 
lineations, suggesting that this foliation resulted from 
larger scale folding accompanying the development of 
the crenulation cleavage. This dispersion may alterna­
tively reflect the splaying and merging of matrix foliation 
around structural blocks. 

CONCLUSION 

Our field data suggest that the contact between the 
Slate Creek and Narvak thrust panels of the 
Angayucham-Tozitna terrane represents an important 
zone of tectonic dislocation. The presence of a structural 
stratigraphy in the tectonized zone, coupled with its 2-km 
thickness, suggests that the contact is a zone of distrib­
uted shear. The finer grain size, metamorphic texture, 
complete transposition of sedimentary structures, and 
possible mylonitic character suggest that the major locus 
of displacement is represented by the flaggy phyllite unit 
at the top of the Slate Creek thrust panel. Our structural 
observations indicate that the amount of strain increases 
upward from the mostly undeformed rocks of the Slate 
Creek thrust panel (domain 1) into the flaggy phyllite 
unit at the top of the Slate Creek thrust panel and the 
structurally higher scaly argillite melange unit (domain 
2). The presence of a structural contact between the 
Narvak and Slate Creek thrust panels over a distance of 
at least 15 km supports the hypothesis of Jones and 
others (1986) and Patton and Box (in press) that the 
Narvak represents a widespread allochthonous assem­
blage that was emplaced structurally onto the quartzose 
metasedimentary rocks of the Slate Creek thrust panel 
and the Ruby terrane, but can also be accommodated in 
the model of Gemuts and others (1983). Although we 
found some evidence for northeastward structural trans-
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port, because of the reconnaisance nature of this paper, 
we are uncertain of the kinematic history in the tecton­
ized zone. Because of this uncertainty and current inabil­
ity to discern whether the structures represent pure or 
simple shear, we suggest that they may have been formed 
by either compressional or extensional structural proc­
esses. We note that the foliation and lineation data of 
domain 2 are similar to data reported by Dover and 
Miyaoka (1985) for phyllonite of the Ruby terrane and 
Slate Creek thrust panel about 75 km west of Yukon 
Crossing, which they interpret as evidence for updip 
convergence along a west-northwest-east-southeast axis. 
Both domains 1 and 2 display a late crenulation cleavage, 
but differ in that the crenulation cleavage of domain 2 is 
apparently associated with larger scale folds, whereas 
larger scale folds are not observed in domain 1. This 
difference in associated folds may indicate that the basal 
contact of the Narvak thrust panel was the site of two or 
more episodes or, alternatively, one complex episode of 
structural displacement. 
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Molybdenite in the Huron Creek Pluton, 
Western Livengood Quadrangle, Alaska 

By Thomas D. Light and C. Dean Rinehart 

Abstract 

Six felsic plutons in the western Livengood quadrangle 
range in composition from monzonite to quartz monzonite. 
We infer a genetic relationship for the plutons, based on 
similar chemical compositions, alkalic affinities, modal plots, 
and ages. The Huron Creek, Wolverine Mountain, and East 
Wolverine quartz monzonitic plutons are more siliceous than 
the Sawtooth Mountain, Elephant Mountain, and West Wol­
verine plutons, which are predominantly monzonite. Sam­
ples from the Huron Creek and Wolverine plutons contained 
molybdenite, not previously reported from this area. The 
poorly exposed Huron Creek pluton contains molybdenite as 
discrete crystals in small quartz stringer veins. Field evidence 
indicates that the Huron Creek pluton is a cupola of a larger 
intrusive body. The lack of widespread chemical alteration 
associated with the intrusion indicates that it was relatively 
dry and that hydrothermal circulation was not well devel­
oped. The geochemical data from reconnaissance stream­
sediment and heavy-mineral-concentrate samples, the 
molybdenum-bearing veinlets, and the high level of expo­
sure for the Huron Creek pluton all suggest that a reasonable 
possibility exists for the occurrence of porphyry Cu-Mo or 
polymetallic vein deposits associated with the pluton or for 
skarn deposits in the adjacent Amy Creek(?) unit. This 
reconnaissance investigation suggests, however, that miner­
al deposits, if any, associated with the plutons of the western 
Livengood quadrangle are probably of limited extent. 

INTRODUCTION 

The U.S. Geological Survey conducted multidisci­
plinary reconnaissance studies in the Livengood 
1:250,000-scale quadrangle, Alaska, from 1986 to 1988, 
to define the mineral resource potential of the area as 
part of the Alaska Mineral Resource Assessment Pro­
gram (AMRAP). The Livengood quadrangle lies be­
tween 65° and 66° north latitude and between 147° and 
150° west longitude. Six monzonitic to quartz monzonitic 
plutons intrude the metamorphic terrane of the western 
Livengood quadrangle (fig. 1 ); they are the Elephant 
Mountain, Wolverine Mountain, West Wolverine, East 
Wolverine, Sawtooth Mountain, and Huron Creek plu­
tons. In 1987 previously unreported occurrences of 

molybdenite were discovered in the Huron Creek and 
Wolverine Mountain plutons. This report focuses on the 
petrography of the Huron Creek pluton and on the 
character and style of the molybdenite occurrence. 

REGIONAL SETTING 

The Livengood quadrangle lies mostly within the 
Yukon-Tanana Upland (Wahrhaftig, 1965), primarily a 
metamorphic terrane of quartzitic, pelitic, calcareous, 
and volcaniclastic metasedimentary rocks with some 
metamorphosed mafic and felsic igneous plutons, all of 
which have been intruded by Mesozoic and Cenozoic 
granitic rocks and minor amounts of intermediate and 
mafic rocks (Chapman and others, 1971). The major 
faults in the area are strike-slip splays of the Tintina fault 
zone and thrust faults (P.R. Weber, U.S. Geological 
Survey, written commun., 1988). 

GRANITOID ROCKS IN l"HE 
WESTERN LIVENGOOD -QUADRANGLE 

The six plutons in the western part of the Liven­
good quadrangle lie within an irregular area 30 km long 
and 10 km wide (fig. 1). Five of the six plutons form 
topographic highs: Elephant Mountain, Wolverine 
Mountain, Sawtooth Mountain, and two unnamed hills 
northwest and southeast of Wolverine Mountain. The 
plutons composing these last two unnamed hills are 
informally referred to as the West Wolverine and East 
Wolverine plutons, respectively. The sixth and smallest 
pluton, the Huron Creek pluton, is poorly exposed on the 
flank and rounded crest of a small ridge alongside the 
creek for which it is named, about 6 km ( 4 mi) north of 
Sawtooth Mountain. Each of the plutons is surrounded 
by a zone of strongly hornfelsed sedimentary rocks. All 
have modal compositions in the quartz monzonite to 
monzonite fields of Streckeisen (1973; fig. 2A, this re­
port). Samples from the Elephant Mountain, Sawtooth 
Mountain, and West Wolverine plutons fall dominantly 
within or close to the monzonite field, whereas those 
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from the Huron Creek, Wolverine, and East Wolverine 
plutons are all within the quartz monzonite field (fig. 2B.) 

We believe a genetic relationship among the six 
granitic plutons of the western Livengood quadrangle is 

indicated by several lines of evidence: (1) a generally 
narrow range in chemical composition is shown by the 
entire group, exclusive of a mafic but minor phase of the 
Sawtooth Mountain pluton. (2) Strong alkalinity for 
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Figure 1. Generalized geologic map of western part of Livengood 1 :250,000-scale quadrangle showing location of 
granitoid plutons. Geology from F.R. Weber (U.S. Geological Survey, Fairbanks, Alaska, written commun., 1989). 
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the entire suite is well expressed by the alkali-lime index 
of Peacock (1931; fig. 3) and is corroborated by several 
alternate techniques used to evaluate igneous rock chem­
istry (Irvine and Baragar, 1971; Le Bas and others, 1986; 
Peccerillo and Taylor, 1976). (3) The fairly compact field 
occupied by modal plots of samples from the entire suite 
(fig. 2) supports consanguinity. (4) Preliminary K-Ar 
biotite ages of 89±3 Ma (Nora Shew, U.S. Geological 
Survey, Anchorage, Alaska, written commun., 1988; cal­
culations using 1976 constants of Dalrymple, 1979) from 
the Elephant and Wolverine Mountain plutons are very 
similar to the 91±3 Ma age (originally reported by 
Chapman and others, 1971, as 88.8±3 Ma, based on 
formerly accepted constants) of the Sawtooth Mountain 
pluton, further suggesting a genetic link. 
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Figure 2. Modal plots of granitoid rocks, A, Modal classifica­
tion from Streckeisen (1973). 8, Plots of granitoid rocks from 
western part of Livengood 1 :250,000-scale quadrangle. 

~Iodal and chemical data for samples from the six 
plutons (table 1 ), along with the summary petrographic 
description of the composition, texture, and structure of 
samples from the six plutons (table 2), show that the 
Huron Creek pluton demonstrates greater chemical and 
petrographic affinity with the Wolverine and East Wol­
verine plutons than with the others, although the differ­
ences are not great. Perhaps the most unifying 
characteristics of each group, and those that show the 
greatest contrasts between them, are: fernie oxides (ox­
ides of Fe, Mg, and Ca), Si02 , normative color index 
(CI), and differentiation index (DI). The latter two are 
related to the fernie oxides and Si02 , respectively. 

HURON CREEK PLUTON 

The Huron Creek pluton consists of quartz monzo­
nite that forms a small pluton emplaced in mainly 
northeast-trending contact-metamorphosed sedimentary 
rocks. The best exposure of the generally poorly exposed 
pluton is fresh unmineralized quartz monzonite rubble 
that caps a gentle ridgecrest (latitude 65°25'24" N.; 
longitude 149°28'38" W.) at an altitude of 800 m (2,650 
ft) in the Livengood B5 1:63,360 quadrangle (fig. 4). In 
the same vicinity a roof remnant of metachert(?) occu­
pies an area of several hundred square meters. Else­
where, the adjacent country rock consists of dolomite, 
greenstone, pelitic hornfels, and black slate. The strati­
graphic unit with which these metamorphic rocks corre­
late is uncertain, but is probably either the Amy Creek 
unit (Precambrian and Paleozoic) or the Livengood 
Dome Chert (Ordovician). Correlation with the Amy 
Creek unit is considered most likely (P.R. Weber, U.S. 
Geological Survey, Fairbanks, Alaska, written commun., 
1989) and is the interpretation used on figure 1. Exami­
nation of the metamorphic rocks in rubbly exposure or in 
float reveals evidence of only minor local alteration, 
suggesting that the intrusion was relatively dry or that 
fluids emanating from or mobilized by the intrusion were 
channeled along restricted pathways. 

Another exposure of the quartz monzonite was 
found on the ridgecrest about 780 m (2,500 ft) farther 
north with no outcrop in between. There, the rocks are 
locally bleached and altered and enclose fragments of 
fine-grained siliceous metasedimentary rocks. The only 
other outcrop seen, also on the ridgecrest, but 360 m 
(1,200 ft) farther north, is a dikelike exposure of feldspar 
porphyry with a fine-grained matrix, suggesting a more 
hypabyssal origin. There, the microcrystalline matrix 
constitutes nearly 80 percent of the rock, and the K­
feldspar phenocrysts are smaller and less abundant than 
in rocks from the two outcrop areas to the south. 

Modes of slabbed samples (fig. 2) from the main 
exposure on the ridgecrest and from similar rock com­
posing the talus apron on the west show the rock to be a 
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massive porphyritic quartz monzonite. Blocky euhedral 
K-feldspar phenocrysts as much as 2 em across but 
averaging less than 1 em constitute 15-20 percent of the 
rock. The rest is divided equally between subangular to 
rounded broad plagioclase laths 2 mm long and a micro­
crystalline matrix. Quartz occurs as sparse rounded phe­
nocrysts and also constitutes one-third of the fine-grained 
matrix. The remainder of the matrix is divided equally 
between mafic minerals and K-feldspar. Color index 
averages 13. 

In thin sections, milled off corners of phenocrysts 
and mosaic-textured matrix that locally resembles recrys­
tallized mortar show that the quartz monzonite of the 
Huron Creek pluton has been mildly to moderately 
cataclastically deformed. K-feldspar phenocrysts are 
somewhat perthitic and sparsely poikilitic. Plagioclase is 
twinned and zoned oligoclase and andesine; much of the 
zoning is oscillatory. Broad, subequant, ragged crystals of 
biotite and hornblende are the principal mafic minerals 
and are about equal in abundance. The biotite has 
red-brown to black pleochroism with locally pleochroic 
haloes around monazite(?). A few subhedral allanite 
crystals, comparable in size to biotite and hornblende, 

ALKALIC 

J- 11 (51 z 
w 
u 10 
a: 
w 
0.. 9 -
J-
:r: 
(.9 8 
w s 7 
z 
r: 6 

z 
w 
J- 5 
z 
0 

4 u 
w 
0 3 

>< 
0 

2 

40 50 

are present. Alteration consists of moderate sericitiza­
tion of plagioclase cores and minor to moderate 
replacement of biotite by chlorite. Accessory minerals, in 
addition to monazite, include apatite and opaque miner­
als, mainly magnetite raggedly exsolved in biotite. 

Chemically, as well as petrographically, the Huron 
Creek pluton is a quartz monzonite and compares favor­
ably with averages (adamellite) of both Nockolds (1954) 
and Le Maitre (1976) and by the chemical QAPF system 
of Streckeisen and Le Maitre (1979). Analyses for both 
major elements (table 1) and minor elements (not shown 
here) do not indicate any anomalously high concentra­
tions of alteration- or ore-related minerals. The pluton is 
peraluminous, containing corundum in the norm, and 
contrasts with its nearest neighbor, the Sawtooth Moun­
tain pluton, which is a fairly coarse grained, highly varied 
quartz-poor and quartz-free monzonite. 

Based on the nature of the ridgecrest exposures, 
relative abundance of roof remnants, and the hypabyssal 
character of the rock itself, the Huron Creek pluton 
appears to be the exposed top of a larger pluton. Present 
exposures may represent cupolas, and as such, the rocks 
may differ somewhat in composition from a parent body 
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Figure 3. Silica variation diagram of granitoid rocks in western part of Livengood 1 :250,000-scale 
quadrangle showing alkali-lime index of Peacock (1931), which is percent silica where CaO equals 
Na2 0+ K2 0. See figure 2 for symbol explanation; solid or bold symbols represent CaO. 
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Table 1. Chemical analyses, in weight percent, of major elements, and CIPW norms of representative samples of some 
granitoid rocks in western Livengood quadrangle 

[Elements determined by X-ray fluorescence; DI, differentiation index of Thornton and Tuttle (1960): NRM CI, normative color index;-, no data; 
LOI, loss on ignition. All field numbers prefixed 87ARi-, except*, which are prefixed 88ARi-] 

No. 

Si0
2 

A403 
Fe

2
0

3 
FeO 
MgO 
CaO 
Na

2
0 

~0 
Ti0

2 

P20s 
MnO 
LOI 

Sum 

26b 

40.30 
10.50 
15.50 

12.10 
9.09 

.46 
5.69 
2.91 
1.35 

.17 

.91 

99.98 

Sawtooth 
Mountain 

50 a 

55.90 
17.60 
7.75 

2.18 
4.29 
3.00 
7.29 

.92 

.49 

.11 

.15 

99.68 

56b 

56.70 
16.90 
7.20 

2.46 
4.49 
3.32 
6.24 

.81 

.38 

.12 

.79 

99.41 

56c 

57.20 
16.80 
7.47 

2.58 
4.55 
3.27 
6.33 

.86 

.39 

.13 

.44 

100.02 

Elephant 
Mountain 

44 

56.70 
14.70 
7.09 

4.54 
5.96 
2.47 
5.80 

.76 

.37 

.12 

.57 

99.08 

48b 

56.80 
14.50 
7.15 

5.14 
6.68 
2.27 
5.09 

.77 

.41 

.12 

.51 

99.44 

West East 
Wolverine Wolverine 

38b 

53.90 
14.40 

8.52 

5.41 
6.14 
1.94 
5.44 

.97 

.45 

.14 
1.71 

99.02 

41a 

63.50 
15.10 
4.28 

1.87 
3.38 
3.06 
5.87 

.43 

.20 

.07 

.86 

98.62 

37 

67.50 
15.50 
3.02 

.99 
2.36 
3.55 
5.34 

.36 

.15 

.04 

.61 

99.42 

Wolverine 
Mountain 

28-1* 

65.80 
15.30 

1.10 
2.10 
1.50 
2.50 
3.40 
5.60 

.36 

.14 

.08 

.78 

98.66 

20* 

65.80 
15.20 
0.80 
3.00 
1.90 
3.00 
3.30 
6.00 

.41 

.19 

.09 

.65 

100.34 

Huron 
Creek 

49 

63.30 
16.40 
5.44 

1.34 
2.79 
3.94 
4.32 

.74 

.31 

.09 

.46 

99.13 
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10.09 
24.40 

2.18 
21.91 

22.35 
6.60 

5.70 
3.22 

30.1 

NRM CI 56.6 

Name foidite 

43.51 
25.64 
13.16 

4.23 
1.59 
5.41 
3.54 

1.77 
1.15 

69.2 

16.5 

0.52 

37.58 
28.63 
13.03 

5.88 
8.51 

3.41 

1.57 
.90 

66.7 

19.4 

0.68 

37.78 
27.93 
12.59 

6.27 
8.76 

3.45 

1.65 
.91 

66.4 

20.1 

2.68 

34.96 
21.32 
12.13 

12.57 
10.65 

3.34 

1.47 
.87 

59.00 

28.0 

4.51 

30.55 
19.51 
14.57 

13.18 
11.88 

3.34 

1.49 
.96 

54.6 

29.9 

r---------monzonite----------1 

at depth, owing to the greater likelihood of wallrock 
assimilation as well as deuteric modification at this level. 
From the evidence of the relict mortar structure, em­
placement of the pluton apparently was not entirely 
passive. Although absence of, or poor exposures of, 
wallrock preclude obtaining structural evidence bearing 
on the manner of emplacement for any of the six plutons, 
several features indicate that they were intruded nearly 
vertically rather than at a shallow angle, that is, con­
trolled by the dip of thrust faults. These features include: 
(1) except for Elephant Mountain, generally equant or 
subequant map pattern of each pluton, with each at the 
top of a similarly equant or subequant steep topographic 
high; (2) no mappable planar or linear primary struc­
tures, but abundant local planar primary structures, 
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20.61 

31.97 
30.44 
10.73 

.11 
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.17 
.69 
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33.81 
29.39 
10.16 

1.29 
5.74 

1.63 

.70 

.33 
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14.01 

35.57 
28.01 

8.97 

3.89 
7.18 

1.16 

.78 
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77.6 

13.0 

15.93 
.93 

25.96 
33.90 
12.02 

5.82 

3.30 

1.43 
.73 

75.8 

10.6 
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all with steep or vertical attitude- this is especially 
notable in the Elephant Mountain and Sawtooth Moun­
tain plutons; (3) relatively symmetrical hornfels enve­
lopes; and ( 4) striking discordancy of the Sawtooth 
Mountain pluton. 

ECONOMIC GEOLOGY 

The only previously reported mineral deposit in the 
Cretaceous plutons of the western Livengood quadrangle 
is a stibnite deposit near the summit of Sawtooth Moun­
tain that yielded a small amount of antimony ore (Joest­
ing, 1943; Cobb, 1972). A minor amount of stibnite was 
reported from a mafic dike near Wolverine Mountain 
(Berg and Cobb, 1967), but we were unable to locate this 
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Table 2. Summary petrographic description of plutons from western Livengood quadrangle 

Pluton 

Sawtooth 
Mountain 

Elephant 
Mountain 

West 
Wolverine 

Wolverine 
Mountain 

East 
Wolverine 

Huron Creek 

Composition 

Mainly monzonite and syenite, but 
with variation to quantitatively 
lesser dioritic and gabbroic rocks, 
many with lamprophyric compo­
sitions. Quartz free to quartz poor; 
locally olivine and orthopyroxene 
bearing. 

Mainly monzonite, quartz poor. 
Locally contains orthopyroxene as 
well as clinopyroxene. Marked 
variation in composition but less 
extreme than Sawtooth Mountain. 
Color index approximately 30 
(clinopyroxene and biotite; lesser 
hornblende). 

Monzonite and quartz monzonite; 
quartz, 2~ percent; color index, 
25-40 (hornblende and biotite 1:1, 
to clinopyroxene and biotite 3: 1). 

Quartz monzonite; homogeneous; 
15-17 percent quartz; color index, 
12±2 (biotite and hornblende). 

Quartz monzonite; homogeneous. 
Quartz, 8-12 percent; color index, 
5±3 (biotite, hornblende, clino­
pyroxene, varied ratios); fine­
grained mafic enclaves; minor 
fme-grained felsic(?) phases. 

Quartz monzonite (peraluminous); 
quartz, 3-13 percent; color 
index approximately 13 (bio­
tite and hornblende 1: 1 ). 

occurrence. Berg and Cobb (1967) also report elevated 
values for antimony in geochemical samples from near 
Elephant Mountain. In addition, Mertie (1934) and 
Waters (1934) reported Au, Hg, Sn, and Win a placer 
deposit about 6 km ( 4 mi) northeast of Wolverine 
Mountain. At the southern outcrop area of the Huron 
Creek pluton, molybdenite occurs as discrete crystals in 
small quartz stringers within the pluton and along the 
contacts between the pluton and the metamorphic rocks. 
The mineral identifications were verified by X-ray dif­
fraction (E.A. Bailey, U.S. Geological Survey, written 
commun., 1988). The mineralized rock was found near 

Texture and structure 

Dramatically developed coarse trachytoid texture, 
K-feldspar tablets locally several centimeters 
across, parallel to each other, imparting a 
local gneissic structure. Conspicuous 1-cm 
biotite oikocrysts, randomly oriented, in 
otherwise fine-grained phase, occur widely. 

Trachytoid texture present but not as strongly 
developed as in Sawtooth Mountain pluton, 
and not as coarse grained. Biotite oikocrysts 
in fine-grained phases similar to Sawtooth 
Mountain pluton. 

Massive, varied textures. Fairly fine trachytoid 
with K-feldspar tablets~ 12 mm by 1 mm, in 
a matrix containing hornblende and clino­
pyroxene (1: 1), with variation to a porphyritic 
rock consisting of equant ~ 8 mm phenocrysts 
of biotite and clinopyroxene in a feldspar matrix; 
some fmer equigranular, fairly dark phases, locally, 
within short distances of wallrock contacts. 

Homogeneous porphyritic texture; massive; 30-35 
percent euhedral, blocky K-feldspar phenocrysts 
average~ 1 em. A minor amount of K-feldspar 
is late interstitial in matrix. 

Massive, seriate porphyritic, phenocrysts consisting 
of thick tablets of euhedral K-feldspar ~ 1 em about 
35 percent. Trachytoid texture varied weak to 
strong, commonly weakly to moderately gneissose. 
On stained slabs, equally abundant broad prisms 
of plagioclase also seriate but half the size of the 
K-feldspar phenocrysts. 

Massive, porphyritic; euhedral blocky K-feldspar 
phenocrysts average 1 em across, 15-20 percent. 
Stained slabs show plagioclase crystals that 
average 2 mm long, 5~0 percent Remaining 
fine-grained matrix composed of late interstitial 
quartz, late K-feldspar, and biotite+hornblende (1:1), 
in about equal amounts. 

the base of a broad talus apron 250 m west of the 
ridgecrest and was observed over a north-south distance 
of 100-120 m. The molybdenite is present in several­
millimeter-diameter aggregates and as scattered grains 
as long as 1 millimeter in irregular, thin (1 mm wide) 
quartz veinlets. On surfaces where the rock has broken 
along one of the molybdenite-bearing veinlets, the mo­
lybdenite has a disseminated appearance. Molybdenite 
was not observed to occur as disseminated grains, and it 
is not known whether or not it is restricted to the quartz 
veinlets. The molybdenite-bearing quartz veinlets may 
represent the uppermost part of a buried mineralized 
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stockwork vein system. Molybdenite also occurs near the 
crest of the ridge in an outcrop of the pluton along its 
southern contact with the metamorphic rocks. 

Abundant scheelite and barite, minor cerussite, 
and visible gold were observed in heavy mineral concen­
trate samples from the vicinity of the Huron Creek 
pluton (R.B. Tripp, U.S. Geological Survey, written 
commun., 1988). Mineralogy and selected analytical data 
from semiquantitative spectrographic analysis of the 
heavy-mineral concentrate samples and rock samples 
from the Huron Creek pluton are given on table 3; 
sample localities are shown on figure 4. Arsenic, boron, 
copper, lead, molybdenum, tin, and tungsten were found 
to be anomalously high in several of the samples. These 
metal associations suggest a potential for ore-related 
mineralization associated with the pluton. 

The higher silica content of the Wolverine, East 
Wolverine, and Huron Creek plutons suggests that they 
would be the most likely of the plutons in the western 
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Figure 3. Sample localities from Huron Creek pluton and 
adjacent area in Livengood 85 1 :63,360-scale quadrangle. 

Table 3. Mineralogy and selected analytical data for 
samples from the Huron Creek pluton and vicinity 

[All data in parts per million except where indicated as percent 
(pet); - indicates no anomalous values; mineralogy by R.B. Tripp 
(U.S. Geological Survey, Denver, Co., written commun., 1988)] 

Locality 

983 
984 

1012 
1013 
1014 

1015A 
1015B 
1015D 

Anomalous samples 

Rock samples (Quartz monzonite) 

B, 50 
B, 100; Cu, 100; Mo, 30; Sn, 500 
As, 2,000; Pb, 100; Sn, 30 
Sn, 30 
Cu, 1 00; Mo, 5 
Mo, 10 
Mo, 5 
As, > 1 0,000; W, 700 

Heavy-mineral concentrate samples 

72 Mo, 50, W, 5000; scheelite, 40 pet 
798 Pb, 10,000 
799 Ag, 70; Ba, >10,000; Pb, 10,000; barite, 

965 
966 
968 

80 pet; minor scheelite; minor cerussite 

Ag, 2; Au, 50; B, 50; Ba, 5,000; Mo, 50; 
Pb, 70; W, 10,000; scheelite, 30 pet; 
pyrite, 20 pet; minor gold 

Livengood quadrangle to host porphyry-type mineraliza­
tion. Although the extent of compositional variance in 
the plutons due to the assimilation of the host rocks they 
intruded is not known, the major-element data (table 1) 
indicate that the plutons have too little Si02 and too 
much CaO for a porphyry-Mo-type deposit. Therefore, 
any porphyry-type mineralization would most likely be of 
the Cu-Mo type. Although we saw no evidence to suggest 
the presence of polymetallic veins, there is a possibility 
that veins containing base and precious metals developed 
where hydrothermal fluids were confined to restricted 
channels. In addition, there is a possibility for the occur­
rence of skarn deposits where calcareous rocks within the 
Amy Creek(?) unit have been intruded by the Huron 
Creek pluton. 

CONCLUSIONS 

The geochemical signature expressed by regional 
reconnaissance samples, the small mineral-bearing vein­
lets, possibly indicative of stockwork mineralization, and 
the likelihood that the Huron Creek pluton represents a 
high-level cupola in a larger plutonic complex, all suggest 
a potential for porphyry-type mineralization at depth, 
possibly accompanied by base- and precious­
metal-bearing veins and by skarn mineralization around 
the periphery of the pluton. The most likely mineral 
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deposit types expected to occur in this geologic environ­
ment would be porphyry copper-molybdenum or poly­
metallic veins. However, the Huron Creek pluton 
appears to have been a fairly dry intrusion, and the lack 
of extensive hydrothermal alteration suggests that the 
mineralizing system was not well developed. More de­
tailed geochemical sampling and petrographic examina­
tion of the other plutons in the western Livengood 
quadrangle are needed to define the character and extent 
of mineralization more clearly. 
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Stratigraphy and Palynology of an Upper Tertiary Terrace 
Deposit of the Ancestral Yukon River Near Circle, Alaska 

By Warren Yeend, Thomas A. Ager, and J.T. Kline 

Abstract 

Terrace deposits of the ancestral Yukon River are ex­
posed in roadcuts and borrow pits along the Steese Highway 
southwest of Circle, Alaska. As much as 21 meters of 
unconsolidated sand, gravel, and silt makes up the Birch 
Creek bridge section, formerly the best of these exposures 
but now covered. Well-sorted and well-rounded gravel in the 
lower part of the section has types and abundances of 
resistant clasts and heavy minerals resembling gravel being 
transported by the Yukon River today and may represent 
reworked lower Tertiary materials. The upper part of the 
sequence is characterized by the presence of a coarse 
Pleistocene alluvial gravel capped with sand and silt. Pollen 
and spore assemblages recovered from samples from 
organic-rich fine-grained sediment lenses suggest a proba­
ble Pliocene age for the lower gravels in the deposits. Pollen 
types in the samples include Pinus, Picea, Abies, Tsuga, 
Larix, Betula, Alnus, and Diervilla. The pollen data suggest 
that the regional vegetation was dominated by a diverse 
conifer assemblage that includes several taxa that no longer 
grow in the interior. The presence of taxa such as Abies, 
Tsuga, and Diervilla suggests that a less continental climate 
prevailed at the time the gravels were deposited than exists 
today in the interior. The elevation, map distribution, and age 
of the terrace deposits indicate that the ancestral Yukon River 
flowed in much the same position it does today, but that at 
least 150 m of downcutting has occurred since Pliocene time. 

INTRODUCTION 

A study of the gold placers in the adjacent Circle 
mining district led to the investigation of the borrow pit 
exposures described in this report. It was hoped that 
clues useful in ascertaining the Cenozoic history and 
origin of the placers might be obtained from examining 
all nearby exposures of unconsolidated deposits. The pit 
possessing the most complete stratigraphy, and here 
called the Birch Creek bridge section, is 240 km north­
east of Fairbanks on the Steese Highway about 3 km east 
of where the road crosses Birch Creek (fig. 1). Previous 
workers had alluded to the presence of possible Tertiary 
age sediments in the area. Mertie (1942) suggested that 
Pliocene sediments might be found "on the tops of the 

high terraces overlooking the Yukon." Likewise, 
Williams (1962) described high-level alluvium, common­
ly mantled with eolian sediments, in the upland margins 
of the Yukon Flats, which includes the Birch Creek 
bridge section. He visited this site in 1949, when it was 
also a borrow pit, and included a photograph of part of 
the exposure in his report. Williams also noted the more 
youthful characteristics of these deposits in comparison 
to the older Tertiary sedimentary rocks in the area, as 
described by Mertie (1937), and he thought the high­
level alluvium was probably of late Tertiary or early 
Quaternary age. The exposures along the Steese High­
way described in this report were studied with the idea of 
dating the deposits and relating them in time to the 
present position of the Yukon River. 

DESCRIPTION OF TERRACE DEPOSITS 

Form and Distribution 

A prominent loess-covered terrace near Circle, 
Alaska, extends for at least 150 km and along much of its 
length forms a barrier separating the courses of lower 
Birch Creek and the Yukon River (fig. 1). The part of the 
terrace described in this report forms a generally flat­
topped arcuate topographic ridge 180 m high that is 
crossed by the Steese Highway and is 3 to 17 km 
southwest of Circle. Terrace materials are periodically 
exposed in temporary roadcuts and borrow pits along the 
Steese Highway. In 1986 and 1987, the best exposure was 
about 3 km east of where the highway crosses Birch 
Creek, informally called the Birch Creek bridge section 
(figs. 1-3), but this exposure has since been destroyed by 
bulldozing. Two other borrow pits, which previously 
exposed the terraces, were also examined (fig. 1 ). 

Stratigraphy of the Birch Creek Bridge 
Section 

The Birch Creek bridge section was described, 
measured, and sampled in 1986 and 1987 (figs. 2, 3). It 
represents the most complete, but not the thickest, 
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section of the terrace deposit known. Three units, infor­
mally labeled units 1 to 3, are recognized in the Birch 
Creek bridge section. The lowermost (unit 1) consists of 
12.6 m of unconsolidated, crossbedded, interlayered, 
well-sorted beds of pebble gravel, sand, and silt. At least 
two silt horizons contain organic material such as worn 
wood fragments, pollen, pine cones, and cone fragments. 
The pebble gravel is predominantly composed of sub­
rounded to well-rounded granules and pebbles less than 
1 em in diameter. Pebbles rarely occur up to 2 em in 
diameter. This unit possesses an overall faint to moder­
ate limonitic staining with unstained zones resulting from 
local concentrations of organic material. Weak cementa­
tion has developed in zones near the base of the exposed 
section, especially in crossbedded medium sand. Tex­
tures and bedforms suggest a braided stream environ­
ment with channel cut and fill and moderate amplitude 
fluctuations in flow. Clast lithologies suggest that the 
material originated primarily in the sedimentary and 
volcanic terranes to the east, with little or none from the 
crystalline rocks of the Yukon-Tanana Upland. The unit 
appears to be widespread, judging from observations of 
extensive high-level gravel terrace deposits in the vicinity 
of the Yukon River, which exhibit similar clast composi­
tions, bedforms, and textures. This implies that their 
source was the ancestral Yukon River. The overlying 
beds (unit 2) consist of 7 m of poorly sorted coarse gravel 
containing well-rounded pebbles, cobbles, and boulders 
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up to 30 em across in poorly sorted silt and sand matrix. 
This unit resembles alluvial gravel exposed elsewhere in 
the Circle 1:250,000-scale quadrangle, which is pre­
sumed to be Pleistocene in age based on its topographic 
position as terraces bordering active creeks. The section 
is capped by 0.3 m of medium- to coarse-grained salt­
and-pepper sand and 2 m of brown eolian sand and silt, 
which exists as a widespread blanket -type deposit bor­
dering the south side of the Yukon River throughout 
interior Alaska. Pebble counts and heavy-mineral con­
tent of pan concentrates for units 1 and 2 are summa­
rized and compared with similar data for the modern 
Yukon River in table 1. The pebble counts were made on 
randomly selected clasts ranging in size from 0.5 to 20 em 
in diameter. Over 100 clasts were identified from each 
sample site. Heavy minerals were collected by hand 
panning and then identification, and percentages of min­
eral types were estimated by using a 25-power binocular 
microscope. 

Other Sections 

A gravel pit about 1.5 km east of the Birch Creek 
bridge section (fig. 1, loc. A) was examined in 1980. It 
contained about 35 m of sandy pebble gravel similar to 
that of unit 1 in the Birch Creek bridge section. The 
gravel is overlain by about 7 m of coarse gravel and silt 

0 10 KILOMETERS 
L____._l_~ 

Figure 1. Location of Birch Creek bridge section in Circle C-11 :63,360-scale quadrangle and map showing arcuate distribution 
of high terrace along Yukon River and locations of other study localities (A and B). 
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similar to units 2 and 3 of the Birch Creek bridge section. 
Colluvial cover obscured the stratigraphic detail in this 
pit; consequently, it was not studied as closely as was the 
Birch Creek bridge section. 

A third pit, 15 km northeast of the Birch Creek 
bridge section (fig. 1, loc. B), contains 28m of unconsol­
idated sand, gravel, and silt. It was measured, described, 
and sampled in 1987. The breakdown of the stratigraphy 
into three units, as was done for the Birch Creek section, 
would seem to apply to this exposure as well. Twenty-one 
meters of sandy pebbly gravel is believed to correlate 
with unit 1 of the Birch Creek bridge section. Pollen 
collected from a silty-clay bed 3 m below the upper 
boundary of the gravel was similar to that collected at the 
Birch Creek bridge section from unit 1. The pebbly 
gravel is overlain by 5 m of boulder gravel correlating 
with unit 2 at the Birch Creek bridge section, and the 
exposure is capped by 2 m of silt correlating with unit 3. 

PALEOBOTANY 

Paleobotanical data from the lower part of the 
gravel unit provide some insights into the nature of the 

Figure 2. Birch Creek bridge section showing units 1, 2, and 
3 discussed in text. 

regional vegetation during the time of deposition of the 
gravel. Well-preserved cones were recovered from within 
layers of iron oxide-stained pebbly sand and silt in the 
Birch Creek section (figs. 1, 3). Nine cones were identi­
fied as Picea and three cones as Larix by Charles Miller, 
University of Montana (written commun., 1986). Picea 
and Larix are long-ranging in the geologic record, so their 
presence conveys no useful age information for the 
associated deposits. Both taxa grow in the interior of 
Alaska today, but Larix is now rare in the upper Yukon 
River area (Hulten, 1968). 

PALYNOLOGY 

Twelve samples of fine-grained sediments were 
collected from two exposures of the gravel unit 1 (fig. 1, 
Birch Creek bridge section and loc. B; fig. 3). Of these 
samples, five contained enough fossil pollen and spores 
to permit analysis of the flora. The palynological evidence 
suggests a late Neogene, probably early Pliocene, age for 
the lower gravel unit. No pollen or spores were recovered 
from the upper gravel unit (unit 2), so its age is uncertain. 

The floristic history of the Alaskan flora during the 
Neogene is best known in southern Alaska, where a 
sequence of floristic stages has been defined by Wolfe 
and others (1966) and modified by Wolfe and Tanai 
(1980). Wolfe's floristic stages for southern Alaska can 
be applied to sites in interior Alaska, but interpretations 
and correlations are complicated by differences in re­
gional vegetation resulting from latitudinal and topo­
graphical influences. Thus, the Neogene vegetation of 
interior Alaska was much more conifer-dominated than 
age-equivalent lowland floras of the Cook Inlet region 
(Wolfe and Tanai, 1980; Ager, unpub. data). 

Pollen and spore types identified from samples at 
the two exposures are summarized in table 2. Conifer 
pollen types dominate the pollen samples, and the most 
abundant conifers represented are Pinus and Picea. 
Abies, Tsuga, and Larix are consistently represented in 
the samples, but in small amounts. Only Picea and Larix 
grow in interior Alaska today (Hulten, 1968). Other 
pollen types consistently represented in the samples 
include broadleaf tree and shrub taxa such as Betula, 
Alnus, Salix, DielVilla, and Ericaceae, all of which occur 
in the interior today except Die1villa. DielVilla (bush 
honeysuckle) is a low shrub that no longer grows in 
Alaska and is found today only as far north as southern 
British Columbia. Trace amounts of pollen of the 
broadleaf deciduous tree Pterocarya occur in some of the 
samples. This temperate-climate tree is known to have 
persisted in Alaska at least until the late Miocene Hom­
erian Stage of Wolfe (Wolfe and Tanai, 1980). The 
occurrence of small amounts of Pterocmya pollen in the 
gravel deposits may be the result of reworking of fossil 
pollen from older Tertiary deposits in the drainage basin. 
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Herbaceous taxa include Gramineae, Cyperaceae, 
Caryophyllaceae, Onagraceae, and Polemonium. Many 
herbaceous taxa evolved during the Neogene and are 
therefore sometimes useful for determining the mini­
mum ages of deposits in which their fossils occur 
(Muller, 1981 ). Current evidence suggests that the family 
Polemoniaceae, which includes the genus Polemonium, 
first appeared during the Pliocene (Muller, 1981). 

The palynological assemblages from the gravel 
deposits, when compared with other Neogene floras from 
Alaska, are most similar to those from the Nenana 
Gravel in the central Alaska Range (Ager, unpub. data). 
On the basis of limited plant macrofossil evidence, the 
Nenana Gravel is assigned to the Clamgulchian Stage 
described for Cook Inlet (Wolfe and others, 1966), now 
thought to be of latest Miocene to Pliocene age (Wolfe 
and Tanai, 1980). 

The palynological evidence, therefore, suggests 
that the lower gravel unit (unit 1) exposed along the 
Steese Highway is equivalent in age to Clamgulchian 
Stage floras of southern Alaska and the Alaska Range 

AGE UNIT 

(Thickness in meters) 

(latest Miocene to Pliocene). However, the occurrence of 
Polemonium in several samples from the Steese Highway 
exposures suggests that the deposits are most likely of 
late Clamgulchian Stage (Pliocene). 

DISCUSSION 

The presence of Pliocene gravels here is of interest 
for several reasons. They record the presence of the 
ancestral Yukon River in much the same position as it is 
today, indicating no great change in the locations of the 
drainage at this locality since the Pliocene. Also, the 
present elevation of the gravels compared with the 
present elevation of the Yukon River indicates a mini­
mum of 150 m of downcutting along this stretch of the 
Yukon River since Pliocene time. Older Tertiary rocks 
are present both in the Circle 1:250,000-scale quadrangle 
(Foster and others, 1983; Mertie, 1937) and the adjacent 
Charley River 1:250,000-scale quadrangle (Brabb and 
Churkin, 1969). These rocks, in large part, seem to be 
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Figure 3. Diagrammatic cross section of Birch Creek bridge section exposed in borrow pit on Steese 
Highway about 3 km east of Birch Creek bridge. 
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Table 1. Pebble count and heavy mineral percentages from 
units 1 and 2 of the Birch Creek bridge section and modern 
Yukon River gravels 

[Tr, 2 percent or less] 

Pebble count 

Rock type Unit 1 Unit 2 Yukon River 
(1 61 clasts) (114 clasts) gravel 

(148 clasts) 

Argillite 43 25 24 
Quartzite 14 24 20 
Chert 16 6 12 
Sandstone 4 18 15 
Quartz 9 4 7 
Greenstone 2 6 2 
Hypabyssal 2 4 1 
Orthogneiss 4 
Tan siltstone 6 
Granite 3 9 
Quartz-eye grit 5 
Chert pebble 2 1 3 

conglomerate: 
Graywacke 5 
Other 2 2 

Mineral 
(several Heavy minerals (percent) 
samples) 

Magnetite 5 50 
Gamet 35 to 70 20 10 
Amphibole 20 to 30 5 15 
llmenite 10 to 40 50 15 
Zircon Tr 10 Tr 
Tourmaline Tr Tr 
Epidote Tr Tr Tr 
Chlorite Tr Tr 
Rock fragments Tr 5 Tr 
Gold Tr Tr 

localized along the Tintina fault trench and may be 
genetically related to the trench. In the Circle quadrangle 
most of these rocks are interpreted as alluvial fan depos­
its eroded from adjacent highlands (Yeend, 1989). They 
are clearly older than those gravels of unit 1 in the Birch 
Creek bridge section, are more indurated, generally 
contain lignite beds, and commonly are tilted, probably 
as a result of faulting (Mertie, 1942; Weber and Foster, 
1982; Yeend, 1984). These older Tertiary rocks may have 
provided detritus that was reworked by the ancestral 
Yukon River into the Pliocene terrace gravels, as both 
deposits possess similar resistant rock types such as 
multicolored chert, quartz, and quartzite (Mertie, 1942; 
Barker, 1986). 

CONCLUSIONS 

This study has produced the following conclusions: 
(1) Fossil pollen data permit assigning a Pliocene age to 

Table 2. Fossil pollen and spore assemblages from Birch 
Creek bridge section and locality B 

[Analyses by T.A. Ager] 

Taxon Sixtymile Creek Birch Creek 

Picea (spruce) 
Pin us (pine) 
Larix (larch) 
Abies (fir) 
Tsuga (hemlock) 
Betula (birch) 
Alnus (alder) 
Pterocarya (wing-nut) 
Salix (willow) 
Myrica-Comptonia (sweet 

gale-sweetfem) 
Ericaceae (heath family) 

Pollen types 

D iervilla (bush honeysuckle) 
Caprifoliaceae (honeysuckle family) 
Onagraceae (evening primrose 

family) 
Polemonium (Jacob's ladder) 
Caryophyllaceae (pink family) 
Gramineae (grass family) 

Spore types 

Monolete fern spore types 
Trilete fern spores 
Lycopodium spp. (club moss) 
Selaginella selaginoides 

(spike moss) 
Sphagnum (sphagnum moss) 

(Loc. B) bridge section 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 
X 
X 

X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 

X 
X 
X 

X 
X 
X 

X 

X 
X 

X 

the unit 1 gravels of the Birch Creek bridge section, (2) 
the flora assemblages indicated by the fossil pollen 
suggest that summer climates here may have been sev­
eral degrees warmer and somewhat wetter during the 
growing season than at present, (3) the map distribution 
and age of the terrace deposits indicate that the ancestral 
Yukon River flowed in much the same position it does 
today, and ( 4) the elevation of the terrace deposits 
indicates that at least 150 meters of downcutting has 
occurred since Pliocene time. 
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In Search of the Provenance and Paleogeographic Location 
of the White Mountains Terrane: Evidence from U-Pb Data of 
Granite Boulders in the Fossil Creek Volcanics 

By John N. Aleinikoff and George Plafker 

Abstract 

The White Mountains terrane of east-central Alaska is 
mainly composed of the Fossil Creek Volcanics (Ordovician) 
and the Tolovana Limestone (Silurian). We have attempted to 
date three boulders of a unique pink granite from conglom­
erate in the Fossil Creek Volcanics in order to provide 
evidence for its provenance. U-Pb data from coarse zircons 
plot as a scatter pattern, possibly due to inherited radiogenic 
lead. Fine-grained zircon populations form a crude linear 
array with an upper intercept age of 560± 82 Ma, which we 
interpret as the age of crystallization of the granite. Although 
lithologic correlation and palinspastic reconstruction suggest 
that the White Mountains terrane was displaced from the 
Selwyn basin region of British Columbia by dextral offset 
along the Tintina fault, no Late Proterozoic to Early Cambrian 
igneous rocks are known from that area. It is possible that 
basement rocks of this age are now buried beneath the thick 
Paleozoic section in the Selwyn basin, or that they were 
completely eroded or were never there. The provenance of 
the granite boulders remains an enigma. 

INTRODUCTION 

The White Mountains terrane of Jones and others 
(1981) and Churkin and others (1982) is one of a series 
of small, elongate terranes that extend southwestward 
from the Tintina fault in central Alaska (fig. 1 ). The 
terrane consists predominantly of the Ordovician Fossil 
Creek Volcanics and the Silurian Tolovana Limestone 
that crop out mainly in two areas north and south of the 
Manley and Livengood terranes (fig. 1 ). The White 
Mountains terrane is interpreted by Jones and others 
(1984; 1986; 1987) and Churkin and others (1982) as 
having an accreted or "suspect" origin. In contrast, 
Tempelman-Kluit (1984), Wheeler and others (1987), 
Weber and others (1987, 1988), and Pessel and others 
(1987) interpreted the White Mountains terrane and the 
adjacent Wickersham terrane (fig. 1) as a continuous 
stratigraphic sequence of North American cratonal ori­
gin. Tempelman-Kluit (1984), Dover (1985), and Wheel­
er and others (1987) suggest that the two terranes have 

been offset from lithologically similar strata in the Selwyn 
basin and Cassiar platform regions of the Yukon by 
about 450 km of dextral displacement of the Tintina 
fault. In this study, we use the lithology and U-Pb ages of 
unique pink granite clasts that occur locally in conglom­
erate of the Fossil Creek Volcanics as a possible addi­
tional constraint in evaluating displacement histories for 
the White Mountains terrane. 

STRATIGRAPHY AND SAMPLE DESCRIPTION 

The oldest unit of the White Mountains in east­
central Alaska (fig. 2) is the (informal)Wickersham grit 
unit, a Late Proterozoic to Cambrian formation, based 
on the presence of the trace fossil Oldhamia (Weber and 
others,1985). This unit comprises the Wickersham ter­
rane of Jones and others (1987). The Wickersham grit 
unit is believed to unconformably underlie the Fossil 
Creek Volcanics (Wheeler and others, 1987). In most 
places, the contact is either concealed or faulted; recent 
mapping indicates that it locally is depositional (Weber 
and others, 1988). As originally defined by Mertie 
(1937), the Fossil Creek Volcanics is composed of more 
than 600 meters of mafic volcanic rocks, agglomerate, 
conglomerate, and calcareous sandstone (fig. 3). Chap­
man and others (1971) divided the Fossil Creek Volcan­
ics into a lower sequence consisting mostly of sedimen­
tary rocks (including slate, siltstone, and limestone, with 
minor mafic volcanic and intrusive rocks) and an upper 
sequence composed primarily of mafic volcanic rocks. 
These include alkali basalt, mafic tuff, and agglomerate, 
which are capped by volcaniclastic sedimentary rocks 
(Wheeler and others, 1987). Although Churkin and 
others (1982) ascribed an oceanic (volcanic arc or sea­
mount) origin for basalt of the Fossil Creek Volcanics, 
the alkalic composition makes an ocean-ridge or island­
arc setting unlikely. Wheeler and others (1987, p. 72) 
concluded that the Fossil Creek Volcanics formed in a 
"continental margin or shallow marine (shelf) environ­
ment." Near the base of the Fossil Creek Volcanics, 
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Early Ordovician trilobites and conodonts occur in cal­
careous slate (Wheeler and others, 1987). Late Ordovi­
cian (Ashgillian) brachiopods, corals, and conodonts 
occur in the uppermost beds (both siliciclastic and cal­
careous) of the Fossil Creek Volcanics (Blodgett and 
others, 1987). Disconformably overlying these units is the 
Silurian Tolovana Limestone (fig. 3; Blodgett and others, 
1987; Wheeler and others, 1987). 

Conglomeratic layers occur within the upper part 
of the Fossil Creek Volcanics (fig. 3). In one such layer, 
the matrix and at least 90 percent of the clasts are 
reworked mafic volcanic rocks derived locally from the 
volcanic and volcaniclastic part of the Fossil Creek Vol­
canics. Other clasts are quartzite, limestone, grit, and 
pink granite, ranging in diameter from less than 1 centi­
meter up to about 20 centimeters. The boulders of 
granite are moderately to well rounded. Other clasts are 
rounded to angular. Textures within the conglomerate 
suggest a debris-flow origin. The poor sorting, very 
coarse maximum size, and occurrence in debris-flow 
deposits indicate that the clasts were deposited close to 
their sources. We collected seven of the largest granite 
clasts for petrologic study and three of these were dated 
by U-Pb zircon geochronology. 

The granite is pink and medium grained, with 
hypidiomorphic granular texture. It is composed of 
quartz (28 to 41 percent), K-feldspar (30 to 43 percent), 
plagioclase (16 to 42 percent), minor chlorite (after 
biotite), and opaque minerals, with trace zircon, apatite, 
and sphene. K-feldspar mostly occurs in myrmekitic 
intergrowth with quartz. The plagioclase is almost 
entirely altered to albite±sericite, with polysynthetic 
twinning only rarely visible. The granite was metamor­
phosed to greenschist facies after deposition of the 
conglomerate because both granite clasts and volcanic 

150° 

matrix are now at a similar metamorphic grade. At other 
localities of the Fossil Creek Volcanics in the study area, 
Late Ordovician to Silurian conodonts have color alter­
ation indices indicative of heating to at least 300--400 oc 
(Blodgett and others, 1987), supporting the petrographic 
evidence of postdeposition metamorphism. 

U-PB GEOCHRONOLOGY 

Individual zircon separates were prepared from 
three boulders which weighed about 7 kilograms each 
(table 1). Although the boulders have very similar com­
positions, subtle differences in grain size and color sug­
gest the remote possibility that the boulders were not 
from the same source pluton. Therefore, the three boul­
der samples were not combined into a single bulk sample 
for isotopic analysis. Because the samples were relatively 
small and the yield of zircon from each sample was less 
than about 50 mg, we were somewhat limited in our 
choice of appropriate splits to analyze. 

Zircons from the three analyzed samples are sub­
hedral to euhedral, with length-to-width ratios of about 1 
to 4. About 50 percent of the crystals lack pyramidal 
terminations and have jagged, broken ends. All grains are 
light tan. In the coarser fractions, many zircons contain 
dark, round (resorbed?) cores (fig. 4). Cores are mostly 
absent in the finer fractions. The outer areas of cored 
zircons are finely zoned, indicating an igneous origin. 
This morphology suggests the growth of igneous rims 
over inherited xenocrystic zircon, implying the potential 
for complicated U-Pb systematics. 

Extraction of uranium and lead from zircons uti­
lized a slightly modified version of the method of Krogh 
(1973). Lead was loaded on a single rhenium filament 

m WHM-White Mountains terrane 

1:>.\:>1 WS-Wickersham terrane 
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Figure 1. Locations of White Mountains and Wickersham terranes of east-central Alaska (from Jones and others, 
1984; 1987) and adjacent areas of Canada. 
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assembly with 0.15N H3P04 and silica gel; uranium was 
loaded with 0.5N HN03 on a triple rhenium filament 
assembly. All isotopic ratios were measured on an auto­
mated VG 54E mass spectrometer with Daly multiplier. 
Uncertainties in measured 206Pb/207Pb and 206Pb/208Pb 
are less than 0.08 percent and mostly in the range 0.02 to 
0.05 percent. Uncertainties in measured 206PbP04Pb are 
less than 0.2 percent. Calculated uncertainties in 
206PbP38U and 207Pb/235 U (table 1) are 0.56 to 0.60 
percent; calculated uncertainties in 207PbP06Pb (table 1) 
are 0.07 to 0.14 percent. Data were reduced and plotted 
using programs of Ludwig (1980, 1987). 

Uranium concentrations for all 10 fractions from 
the three boulders are relatively low, ranging from about 
174 to 379 ppm. The isotopic systematics (fig. 5) and 
uranium contents of these splits are similar and indicate 
that the three boulders come from the same granite 
source. 207Pb/206Pb ages range from 485 to 813 Ma. 
However, the data do not form a linear array. After our 
initial analyses of four different size fractions from sam­
pie 87APr 122E (table 1), it was apparent that the dark 
material in the cores of some coarser zircons contained 

65° 45' 
147° 30' 

Cache 
Mountain 

• 

inherited radiogenic lead. Because the data formed a 
scatter pattern on the concordia plot, little information 
was obtained initially for either the upper or lower 
intercept. Additional splits, from two other boulders, 
involved only the finest zircons in an effort to avoid 
inheritance present in the coarser fractions. The relative 
degree of discordance of individual splits is directly 
correlative with uranium content. 

A best-fit line calculated through five relatively 
colinear fractions of fine-grained zircon has concordia 
intercept ages of 560±82 and 180±140 Ma. The large 
uncertainty in the upper intercept is probably due to a 
combination of factors, including minor inheritance of 
radiogenic lead and a large amount of lead loss, despite 
the relatively low concentrations of uranium in the zir­
cons. To minimize the contribution of inherited lead, we 
analyzed rim (igneous) material by collecting dust 
removed from zircon grains by abrasion in a ceramic mill. 
Unfortunately, some of the abraded zircons were broken 
and therefore, some core material was also removed. The 
resulting isotopic data (including a 207Pb/206Pb age of 
606 Ma) represent a mixture of core and rim ages. We 
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Figure 2. Generalized geologic map of study area in White Mountains in Livengood C-1 and C-2 quadrangles, showing 
location of measured section and samples (fig. 3). Modified from Wheeler and others (1987). See figure 1 for location of 
study area. 
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interpret the concordia intercept ages to indicate a crys­
tallization age for the granite of 560±82 Ma. However, a 
clustering of 207PbF0 6 Pb ages in the finest zircons near 
about 500 Ma suggests that this may be a closer approx­
imation of the age of the granite provenance. The lower 
intercept age may represent the time of postdepositional 
metamorphism, previously described, although the large 
uncertainty does not firmly constrain when this metamor­
phism occurred. The systematic decrease in 207Pbl06Pb 
age with increasing degree of discordance suggests that 
episodic lead loss occurred in the past, and that the 
discordant data array is not due to modern lead loss 
alone. This non-zero age for the lower intercept may be 
the time at which metamorphism modified the conodont 
color alteration index. 

DISCUSSION 

The goal of this study is to describe and date 
boulders of granite that occur in a conglomerate whose 
age is independently well constrained, in order to find the 
boulder provenance, and thereby a possible source area, 

I 

for the White Mountains terrane. Inherent in this effort is 
the hope that the geochronologic results will be both 
definitive and unique so that no ambiguity exists in the 
correlation of units. Unfortunately, the age data are 
complicated by a large degree of discordance, perhaps 
induced by Mesozoic metamorphism, and scatter proba­
bly due to inheritance of radiogenic lead. Although we 
are able to estimate the crystallization age, the additional 
information of the age of inheritance (the age of the 
source of the granite boulders) is not obtainable from 
our scattered data. The only constraint is that the age of 
the source rock for the granite is at least 813 Ma (based 
on the oldest 207PbF06Pb, table 1 ), and it is of continental 
affinity (based on composition and on associated quartz­
ite clasts and alkalic volcanic rocks). However, it is likely 
that the source is significantly older. An additional hin­
drance is that the age of the granite is too unique; no 
granites of comparable age are known anywhere in the 
North American Cordillera. 

Palinspastic reconstructions suggest that terranes 
south of the northern part of the Tintina fault system 
underwent about 450 km of right-lateral displacement, 
based on dextral offsets of Paleozoic facies boundaries 

DESCRIPTION 

l 
Limestone---:Argillaceous lime mudstone, thinly bedded in lower 27 m, becomes more massive 

upsectton 

~ Disconformity 

~ ------ Sandstone-Iron stained, highly weathered, calca reous, feldspathic, limy lenses 
··· -::::.--- Limestone-Bioclastic, laterally gradational into coral biostrome (Chaetetipora) 
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40 
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} Sandstone-Calcareous, feldspatholithic, medium to fine grained, poorly sorted , thinly bedded, 
lenses of granule conglomerate and coquina 

---- ~-0.6 m thick 

Conglomerate-Volcaniclastic, cobble to granule sized, very well rounded clasts, fines upsection, 
thin to medium bedded 

1
-- ~-1.8 m thtck 

Agglomerate and conglomerate-Boulder to 
cobble sized, very well rounded maroon 
and green basalt, pink granite, bimodal 
quartzite, limestone, and phyllite clasts in 
altered volcanic and tuffaceous matrix. 

I Internally massive, amalgamated, large-
]~ scale trough-shaped scours 

Sample numbers 87APR122A, C, E-See table 1 

EXPLANATION 

Argillaceous lime mudstone 

Calcareous feldspathic and 
feldspatholithic sandstone 

Ca lcareous feldspatholithic 
conglomeratic sandstone 

Basalt flow 

Agglomerate and conglomerate 

Figure 3. Measured stratigraphic section in upper part of the Fossil Creek Volcanics and lower part of the Tolovana Limestone 
showing location of granite boulder samples. Modified from Wheeler and others (1987). 
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Table 1. Uranium-lead concentration and composition data from zircon from granite boulders in a conglomerate layer within 
the Fossil Creek Volcanics, White Mountains terrane, east-central Alaska 

[Location of boulders A, C and E: 6SC37.2'N, 147°21.2'W. Constants: 235~ = 9.8485 X 10-10 yr-1; 238~ = 1.55125 X 10-10 yr-\ 238U;235U = 137.88 
(Steiger and Jager, 1977)] 

Concentration Pb composition2 Ratios (percent error)l Ages (Ma)4 

Weight (ppm) 
Fraction 1 (mg) 206pb 2o6pb 206pb 2o6Pb 2o1pb 2o1pb 2o6Pb 2o1pb 2o1pb 

u Pb 2o•pb 2o1pb 2oapb 23au n~u 206pb nau 21su 2o6Pb 

87APr 122A 

( -325+400)NMD 0.99 183.9 13.61 6118.5 16.631 6.4669 .07087(.59) .56434 (.60) .05775 (.14) 441 454 520 
(-400)NM 1.22 230.9 16.75 1038.2 14.033 5.6482 .06632(.57) .52342 (.60) .05724 (.19) 414 427 501 
(-400)Mag 1.38 296.5 20.33 4310.1 16.456 6.6950 .06559(.56) .51904 (.57) .05739 (.09) 410 425 507 

87APr 122C 

(-400)NM 1.30 369.9 23.76 28750. 17.437 6.7619 .06189(.56) .48503 (.56) .05684 (.08) 387 401 485 
(-400)Mag 1.59 294.5 21.25 664.27 12.441 4.8238 .06327(.56) .51026 (.57) .05849 (.13) 395 419 548 

87APr 122E 

(-150+200)NM 2.49 177.7 13.69 1792.5 13.468 5.2151 .06998(.57) .63895(.58) .06622(.10) 436 502 813 
(-200+250)NM 3.13 182.0 14.71 1423.7 14.219 5.1420 .07330(.56) .60778(.57) .06014(.09) 456 482 609 
(-250+325)NM 6.26 192.9 14.14 4883.3 16.415 5.6982 .06862(.57) .54819(.57) .05794(.07) 428 444 52 
(-325)NM 5.19 203.4 15.07 2919.2 16.060 5.6111 .06897(.57) .54470(.58) .05728(.07) 430 442 502 

87 APr 122E + C 

(-100+250)Dust 1.23 173.5 13.25 556.09 11.612 4.4225 .06534(.57) .54083(.60) .06003(.20) 408 439 606 

1 Abbreviations: NM (non-magnetic), D (diamagnetic), Mag (magnetic), Dust (abraded rims collected as dust exhausted from 
ceramic abrasion mill). 

:ZCorrected for 1 ng blank and mass fractionation of 0.14±.05 percent/atomic mass unit. 
32cr errors. 
4Common lead corrected for using appropriate values from Stacey and Kramers (1975). 

' 

I 
__ ... __ , 

Figure 4. Photomicrograph of zircons from -200+250 mesh size fraction from sample 87APr 
122E. Note dark, rounded cores and euhedral, finely zoned rims of grains. 
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mainly during the Cretaceous and early Tertiary 
(Tempelman-Kluit, 1976; Dover, 1985; Gabrielse, 1985). 
Thus, the most likely source for the Fossil Creek Volca­
nics may be to the southeast, in or near the Selwyn basin 
of the Yukon (including the Cassiar and MacKenzie 
platforms) where strata of similar lithology and age occur 
(Thompson and Roots, 1982; Tempelman-Kluit, 1984). 

The combined Ordovician faunal assemblages, 
sedimentary facies, and alkalic composition of the basalts 
in the Fossil Creek Volcanics suggested to Wheeler and 
others (1987) a shallow-marine depositional environ­
ment along a continental margin. A possible model for 
the deposition of the alkalic basalt and its associated 
sedimentary rocks of the Fossil Creek Volcanics is in an 
extensional environment. Although various scenarios are 
possible, we favor a tectonic setting involving filling of a 
submarine channel or graben with mafic flows and vol­
caniclastic debris from volcanic edifices together with 
minor clasts derived from underlying basement rocks 
including granite and quartzite. Our presumption, based 
on the coarse size, clast composition, and stratigraphic 
occurrence, is that Late Proterozoic to Cambrian granite 
was eroded from a very local source during deposition of 
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the Fossil Creek Volcanics and that the site of deposition 
of the Fossil Creek Volcanics was probably within the 
continent or near its margin. Unfortunately, the likely 
source area across the Tintina fault in the Yukon is now 
occupied by a thick Paleozoic platform-basin transitional 
section. As yet, no Late Proterozoic to Early Cambrian 
granite basement, or clasts derived from such a granite, 
are known beneath the Selwyn basin or in adjacent 
platformal areas such as the Cassiar and MacKenzie 
platforms. The granite basement is either buried under 
Paleozoic cover, is completely eroded, or was located 
elsewhere. In the absence of evidence from elsewhere, 
the Selwyn basin sequence is still considered to be the 
most likely correlative to the strata in the White Moun­
tains terrane, based on stratigraphic correlations of 
Tempelman-Kluit (1984) and Wheeler and others 
(1987). Gehrels and others (1987) and Gehrels (in press) 
reported Cambrian U-Pb zircon ages on orthogneisses 
from the southern end of Gravina, Dall, and Long Islands 
in the Alexander terrane of southeasternmost Alaska. 
The possible relationship between these orthogneisses 
with the granite samples we dated from the White 
Mountains terrane is unknown. However, the two suites 

<> 

INTERCEPTS AT 
560 ± 82 and 180 ± 140 Ma 

CMSWD=36) 

Figure 5. Concordia plot of lead-uranium data in zircons from boulder samples 87APr 122A, C, and E 
collected from conglomerate layer within the Fossil Creek Volcanics (fig. 3). Regression is calculated 
through five data points from fine-grained size fractions, shown as circles. Coarse-grained fractions (plotted 
as diamonds) are not included in regression because these zircons likely contain inherited radiogenic lead. 
Filled diamond, labeled Dust, is material collected from abrasion of coarse grains. Sample data listed in 
table 1. 
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are the only known Cambrian metaplutonic rocks in 
Alaska. The location of the provenance for the pink 
granite boulders with the Fossil Creek Volcanics de­
scribed in this paper remains an enigma. 
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Age of Deposition and Provenance of the Cleary Sequence 
of the Fairbanks Schist Unit, Yukon-Tanana Terrane, 
East-Central Alaska 

By John N. Aleinikoff and Warren J. Nokleberg 

Abstract 

The Cleary sequence, composed of metasedimentary 
and felsic metavolcanic rocks, is a member of the informally 
named Fairbanks schist unit. Prior to this study, the age of 
the Fairbanks schist unit was thought by some workers to be 
Late Proterozoic to early Paleozoic, based on interpretations 
that the Upper Proterozoic to Lower Cambrian informally 
named Wickersham unit (of the Wickersham terrane) con­
formably overlies the Fairbanks schist unit. U-Pb geochronol­
ogy of medium- and fine-grained fractions of euhedral zircon 
from meta rhyolite interpreted as a flow or tuff from the Cleary 
sequence yields an age of 369±3 Ma. Data from coarse 
zircons indicate that they contain a small amount of inherited 
material. Two populations of detrital zircon obtained from 
metasiltstone from the Cleary sequence have isotopic sys­
tematics that indicate an Early Proterozoic provenance 
(about 2.1 to 2.3 Ga). The Late Devonian age of volcanism in 
the Fairbanks area is comparable to other dated metavolcan­
ic rocks in the Yukon-Tanana terrane, and the Early Proter­
ozoic provenance age of the detrital zircons agrees with ages 
of other detrital suites from the Yukon-Tanana terrane. 

INTRODUCTION 

The Cleary sequence occurs within the informally 
named Fairbanks schist unit, which forms a major part of 
the northern Yukon-Tanana terrane in.~ east-central 
Alaska (fig. 1; Foster and others, 1987). Terrane names 
in this study are after Jones and others (1987). In and 
adjacent to Fairbanks, the Cleary sequence consists 
mainly of a 120- to 240-m-thick sequence of felsic schist, 
laminated white micaceous quartzite, chlorite-actinolite 
greenstone, graphitic schist, minor metavolcanic rocks, 
mainly metarhyolite tuff and flows, calc-schist, and mar­
ble (Bundtzen, 1982; Metz, 1982; Robinson, 1982). The 
Cleary sequence is intensely deformed. A geologic map 
(fig. 2) shows the sequence occurring in a series of major 
folds with axial planes that strike east-northeast and dip 
gently north-northwest or south-southeast (Buntzen, 
1982; Metz, 1982; Robinson, 1982). In outcrop and in 
thin section, the Cleary sequence exhibits a strong schis-

tosity and parallel compositional layering which are re­
folded into minor folds that parallel the major folds. The 
Cleary sequence occurs within the Fairbanks schist unit, 
which consists mainly of quartzite and muscovite-quartz 
schist (Bundtzen, 1982; Metz, 1982; Robinson, 1982). 
Both the Cleary sequence and Fairbanks schist unit 
exhibit greenschist-facies metamorphism. The diagnostic 
metamorphic minerals are chlorite, white mica, biotite, 
actinolite, albite, and garnet. The Cleary sequence hosts 
most of the lode Cu, Au, and W deposits in the Fairbanks 
mining district and occurs upstream from the major 
placer gold deposits in the district (Smith and others, 
1981; Nokleberg and others, 1988). 

Prior to this study, the age of the Fairbanks schist 
unit was interpreted as Late Proterozoic or Early Cam­
brian because, along its northern margin, the Fairbanks 
schist unit is overlain by the Upper Proterozoic or Lower 
Cambrian informally named Wickersham unit. This con­
tact is gently north-dipping, and it is interpreted as a 
depositional contact (Chapman and others, 1971; Weber 
and others, 1985, 1988). The Wickersham unit is a small 
unit of continental affinity of which the lower part 
consists primarily of slate, quartzose sandstone, and 
granule to pebble conglomerate (Chapman and others, 
1971; Weber and others, 1985; Moore and Nokleberg, 
1988). The age of the Wickersham unit is based on sparse 
occurrences of the trace fossil Oldhamia near the top of 
the lower part of the unit (Chapman and others, 1971). 
The Wickersham unit was interpreted as the Beaver 
terrane by Churkin and others (1982) and was renamed 
as the Wickersham terrane by Jones and others (1987). 

Previous workers have interpreted the nature of 
the contact between the Fairbanks schist unit and the 
Wickersham unit as either a depositional contact or a 
fault. A cleavage that intensifies to the south in the 
Wickersham unit and general similarity in composition 
between the two units led Chapman and others (1971 ), 
Weber and others (1985, 1988), Pessel and others 
(1987), and Smith and others (1981) to conclude that the 
Wickersham unit stratigraphically overlies the Fairbanks 
schist unit. In contrast, Churkin and others (1982), Laird 
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and Foster (1984), and Foster and others (1983, 1987) 
interpret the contact as a thrust fault along which the 
Fairbanks schist unit was emplaced against the Wicker­
sham terrane. Because of these divergent interpretations, 
we collected samples for isotopic studies of the Cleary 
sequence during the 1987 field season of the Trans­
Alaskan Crustal Transect (TACT) geologic studies 
project. The purpose of the sampling was to determine 
the age of the interlayered and presumably coeval 
metasedimentary rocks of the Fairbanks schist unit. Such 
age information is important for interpreting the regional 
geology and deep crustal structure and is also important 
for regional metallogenetic studies. 

SAMPLE DESCRIPTIONS AND U-Pb 
GEOCHRONOLOGY 

Two samples of leucocratic, fine-grained, strongly 
schistose rocks were collected from the Cleary sequence 
for U-Pb geochronology (table 1), in conjunction with 
geologic investigations by T.E. Smith and R.B. Forbes 
(Alaska Division of Geological and Geophysical Sur­
veys). Field observations, including composition and tex­
ture, suggested a volcanic protolith (T.E. Smith, oral 

Cz 
Cz 

commun., 1987). However, thin section examination re­
vealed that only one sample, 87 ANK081A, is a metarhy­
olite; sample 87 ANK078R is a metasiltstone. Zircons 
were extracted from both samples to determine the 
igneous age of the metarhyolite sample and the prove­
nance age of the sediments in the metasiltstone sample. 

The metarhyolite was collected north of Fairbanks 
(fig. 2) on a residential road leading north from Farmers 
Loop Road in the Fairbanks D-2 15-minute quadrangle. 
The sample is a strongly foliated, medium- to fine­
grained white metavolcanic schist that forms a small 
outcrop about 1 m thick and is surrounded by extensive 
and thick glacial loess. Detailed mapping and interpreta­
tion by Bundtzen (1982) shows this outcrop to consist 
mainly of metarhyolite, muscovite-quartz schist, and 
muscovite-quartz-feldspar schist (map units r, mqs, and 
mrt) derived from rhyolite flows or tuff, pelitic sedi­
ments, and siliceous exhalite, respectively. Schistosity and 
compositional layering strike northeast and dip moder­
ately northwest. In thin section, the sample is composed 
primarily of K-feldspar and muscovite, subordinate pla­
gioclase, and accessory zircon and opaque minerals, 
mostly hematite. Laminae of medium-grained strained 
quartz and feldspar are separated by very fine grained 
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Figure 1. Lithotectonic terranes of east-central Alaska. Abbreviations: CM, Crazy Mountains 
terrane; LG, Livengood terrane; MAN, Manley terrane; MN, Minchumina(?) terrane; MNK, 
Minook terrane; RB, Ruby terrane; TZ, Tozitna terrane; WHM, White Mountains terrane; WS, 
Wickersham terrane; YT, Yukon-Tanana terrane; Cz, Cenozoic basin deposits. Adapted from 
Jones and others (1987) and Moore and Nokleberg (1988). 
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strongly schistose layers of quartz and white mica. The 
coarser quartz and feldspar grains exhibit suture bound­
aries and undulatory extinction. Highly altered quartz 
and feldspar megacrysts, up to 2 mm long, deflect the 
schistosity and are interpreted as relict microphenocrysts. 
The rock is highly fractured and pervasively stained with 
hematite, which caused difficulty in obtaining a fresh 
sample. The composition and relict igneous texture sug-

gest a rhyolite protolith, either a flow, tuff, or sill. The 
conformable nature of the Cleary with the Fairbanks 
schist unit indicates that the Cleary sequence represents 
a former stratigraphic sequence of pelitic sedimentary 
rocks, quartzite, rhyolite flows or tuffs, and siliceous 
exhalite interlayered and deposited with the sedimentary 
rocks of the Fairbanks schist unit (Bundtzen, 1982; 
Nokleberg and others, 1988). 
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Figure 2. Generalized geologic map of Fairbanks region, northern Yukon-Tanana terrane,southeast Livengood and northeast 
Fairbanks 1 :250,000-scale quadrangles, east-central Alaska. Map shows distribution of the Cleary sequence in isoclinal folds 
that are refolded along anticlinal ridge crests. Chatanika terrane and Chena River sequence (medium-grade metasedimentary 
rocks) locally structurally overlie the Fairbanks schist unit (informal usage). Adapted from Bundtzen (1982), Metz (1982), 
Robinson (1982), and Nokleberg and others (1988). 
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Table 1. U-Pb composition and concentration data for zircon from the Cleary sequence of the Fairbanks schist unit, Alaska 

Concentration Pb composition2 Ratios (percent errorP Ages (Ma)4 

Weight (ppm) 
Fraction1 (mg) 2o'Pb 206pb 2o'Pb 2o'Pb 207pb 207pb 2o'Pb 2o1pb 2o1pb 

u Pb 2o4Pb 2o1pb 208pb 2Jeu 2HU 2o'Pb 2Jeu 2Jsu 2o'Pb 

87ANK 081A (metarhyolit~054'40", 147°46'33") 

(-150+200)NMD 3.85 810.2 50.11 1062.0 14.719 3.9006 .05328(.56) .39799(.57) .05418(.09) 335 340 378 
(-150+200)NMDA 3.95 809.1 49.87 3021.9 16.906 4.2245 .05492(.56) .41127(.57) .05432(.10) 345 350 384 
(200+250)NMD 3.49 777.6 47.87 1328.6 15.393 4.0191 .05366(.56) .39923(.57) .05396(.08) 337 341 369 
(-250+325)NMD 2.50 789.6 47.53 1448.5 15.605 3.9866 .05248(.49) .39067(.50) .05399(.07) 330 335 371 
(-325+400)NMD 3.30 896.0 52.77 1909.8 16.22 4.0796 .05184(.56) .38595(.56) .05400(.07) 326 331 371 
(400)NMD 3.62 900.0 50.52 2195.4 16.489 4.0413 .04943(.56) .36796(.56) .05399(.07) 311 318 371 

87ANK 078R (metasiltstone-65°06'08", 147°26'53") 

(+200)Pk 2.34 200.6 67.93 7536.2 6.9324 5.1407 .29323(.47) 5.7625(.47) .14253(.06) 1658 1941 2258 
(+200)MagD 1.55 1128.0 67.34 832.68 8.2824 6.3984 .05335(.48) .76863(.49) .10450(.09) 335 579 1706 

1Abbreviations: NM (non-magnetic), D (diamagnetic), A (abraded), Pk (light pink), Mag (magnetic). 
2Corrected for 1 ng blank and mass fractionation of 0.14±.05percent/atornic mass unit. 
32cr errors. 
4Common lead corrected for using appropriate values from Stacey and Kramers (1975). Constants: 2HA, = 9.8485 E-10/yr; 2381.. = 1.55125 E-10/ 

yr, 238UfHU = 137.88 (Steiger and Jager, 1977). 

Previous workers (Bundtzen, 1982; Metz, 1982; 
Robinson, 1982; Nokleberg and others, 1988) have 
mapped and interpreted the metaigneous rocks of the 
Cleary sequence as metamorphosed flows and tuffs. 
Although poorly exposed and surrounded by extensive 
loess, we also interpret the metarhyolite sample as a flow 
or tuff for several reasons: (1) The outcrop occurs within 
the center of the Cleary sequence, which is mapped and 
interpreted by Bundtzen (1982) as being derived from 
rhyolite flows or tuff, pelitic sedimentary rocks, and 
siliceous exhalite. (2) Metamorphosed sills and dikes are 
not observed in the adjacent Fairbanks schist unit 
(Bundtzen, 1982; Metz, 1982; Robinson, 1982). (3) 
Metarhyolite, pelitic and quartz schist, and metamor­
phosed exhalite occur only in the Cleary sequence and 
not in adjacent quartz-rich metasedimentary rocks that 
compose the bulk of the Fairbanks subterrane. Although 
less likely, the metarhyolite may be a metamorphosed sill 
that was the igneous source for flows or tuffs. 

The metasiltstone sample was collected northeast 
of Fairbanks a few hundred meters north of Cleary 
Summit on the west side of the Steese Highway in the 
Livengood A-1 15-minute quadrangle (fig. 2). The sam­
ple is a strongly foliated, medium-grained, iron-stained 
metasedimentary schist that was collected from a steep 
hillside in a layer up to a few meters thick within the 
Fairbanks schist unit. Detailed mapping and interpreta­
tion by Metz (1982) show this outcrop to consist mainly 
of quartzite, muscovite-quartz schist, greenstone, and 
muscovite-quartz-feldspar schist (map units q, mqs, ca, 
and mrt) derived from quartzite, pelitic sediments, mafic 
tuff, and siliceous exhalite, respectively. Schistosity and 

compositional layering strike north-northeast and dip 
gently east -southeast. In thin section, the sample is 
composed primarily of quartz, with thin layers of white 
mica. The quartz grains are fairly equigranular and 
exhibit a mosaic texture. The white mica grains are 
strongly aligned parallel to a strong schistosity. The 
sample also contains flattened fragments of fine-grained 
quartz cemented by hematite. Zircon occurs in the white 
mica-rich layers. This sample is also strongly iron­
stained, although a reasonably fresh sample was 
obtained. The quartz-rich composition and fine-grained 
texture suggest a siliceous siltstone protolith. 

Zircons from the metarhyolite are light brown to 
clear and most are euhedral (about half are doubly 
terminated). The length/width ratio (l!w) ranges from 1/1 
to 3/1. The grains exhibit fine euhedral zoning, and many 
contain opaque inclusions. In the coarser populations, 
some zircons contain dark, rounded, partially resorbed 
(inherited?) cores (fig. 3). The finer populations are 
generally core-free. This zircon morphology suggests an 
igneous origin. All crystal faces are somewhat pitted, 
suggesting postcrystallization (metamorphic) damage. 
No grains were observed that had obvious detrital char­
acteristics, such as rounding, pitting, or frosting. Thus, 
dating these zircons should determine the age of the 
igneous protolith of the metarhyolite. However, as dis­
cussed below, cores in coarser grains complicate the 
isotopic systematics. 

The zircons from the metasiltstone form two pop­
ulations based on color (very dark brown and shades of 
pink) and they range in shape from round to oblong (l!w 
of 1/1 to 3/1 ). All grains are frosted and abraded, 
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indicating a detrital origin for the rock. Dating these 
zircons should provide information about the provenance 
age of the sediments, but will not date the age of 
sedimentation. 

Six size fractions of zircon from metarhyolite were 
analyzed for Pb isotopic compositions and U and Pb 
concentrations (table 1 ). Analytical procedures are 
slightly modified from the methods of Krogh (1973), as 
outlined in Aleinikoff and others (1986). Isotopic ratios 
were measured on a VG 54E automated mass spectrom­
eter. Uncertainties in Pb!U ratios range from 0.47 to 0.56 
percent (2o); uncertainties in 207PbP06 Pb range from 
0.06 to 0.10 percent (2o") (table 1 ). Age calculations and 
concordia plots use programs of Ludwig (1980, 1987). 

Uranium concentrations are moderate (about 775 
to 900 ppm). The four fine fractions ( < 150 mesh) have 
207Pb/206 Pb ages of 369-371 Ma and Pb/U ages of 
311-341 Ma. The ( -150±200)NMD fraction has a 
slightly older 207PbP06Pb age of 378 Ma. We attribute 
this older age to the presence of inherited cores in the 
coarsest zircons, as seen in immersion mount micro­
scopic examination (fig. 3). Additional evidence for 
inherited radiogenic lead is that a split composed of cores 
(fraction (-150±200)NMDA, table 1), derived from 
abrasion of the coarse fraction, has a slightly older 
207Pb/206Pb age of 384 Ma. Because the coarsest zircons 
contain inherited radiogenic lead, a best-fit line is calcu­
lated through only the four finer fractions that are 

core-free. This regression has concordia intercept ages of 
369±3 and -10±27 Ma (fig. 4). We interpret the data as 
indicating a Late Devonian age of crystallization for the 
metarhyolite protolith. Although the coarse zircons con­
tain inheritance, the measured systematics do not permit 
calculation of the age of inheritance. However, based on 
other studies in the Yukon-Tanana terrane (Aleinikoff 
and others, 1986), a likely age for the older core material 
is about 2.1-2.3 Ga. The calculated discordia has a 
present-day lower intercept age, suggesting that post­
crystallization events, such as Cretaceous metamorphism 
and Tertiary granite intrusion (Wilson and others, 1985; 
Nokleberg and others, 1986, Hansen and others, 1988), 
did not significantly disturb the U-Pb systematics in these 
ZirCOnS. 

Two splits of zircons were hand-picked from the 
heterogeneous population extracted from the metasilt­
stone. These fractions are composed of zircons that are 
(1) relatively nonmagnetic, light pink, and round and (2) 
zircons that are magnetic, dark brown, and round. The 
207PbP06Pb ages for these fractions are 2,258 and 1,706 
Ma, respectively (table 1). Pb/U ages of 1,658 and 1,941 
Ma (pink zircons) and 335 and 579 Ma (dark-brown 
zircons), representing discordance of 25 percent and 80 
percent, respectively, are directly related to uranium 
content. The somewhat discordant pink zircons contain 
201 ppm U, whereas the very discordant dark-brown 
zircons contain 1,128 ppm U. Thus, greater metamicti-

' ' 

Figure 3. Photomicrograph of zircons from sample 87ANK 081A, fraction 
(-150±200)NMD(table 1). Largest grains are about 150 ~min length. Note distinct, rounded, 
dark cores and clear overgrowths on grains. 
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zation in the dark-brown zircons, due to about six times 
higher uranium concentration, allowed significantly more 
lead loss than in the pink zircons. 

Concordia plots of detrital zircon data generally 
are not useful because the selected populations may be 
neither cogenetic nor contemporaneous. However, data 
compiled from five other metasedimentary rocks ( 10 
data points) from the Yukon-Tanana terrane (Mount 
Hayes, Big Delta, and Circle 1:250,000-scale quadran­
gles; Aleinikoff and others, 1984; 1986) reveal that the 
two new data points from the metasiltstone plot within a 
band of previously determined results (fig. 5). A sample 
of dark magnetic zircon from a quartzite in the Big Delta 
quadrangle (Aleinikoff and others, 1986) has uranium 
contents and U-Pb systematics very similar to the mag­
netic fraction from the metasiltstone. Other fractions of 
lighter colored, relatively nonmagnetic zircons with much 
lower uranium contents, including the pink fraction from 
the metasiltstone, form a colinear band on a concordia 
plot (fig. 5). Because of scatter and because these are 
widely separated metasedimentary samples with hetero­
geneous populations of zircon, a reference chord (appli­
cable to the nonmagnetic, lower uranium fractions), 
rather than a calculated best-fit regression with inter­
cepts of about 370 and 2,250 Ma, is plotted. Scatter 

about this chord may be due. to a number of causes, such 
as variation in the ages of the protolith and multiple 
periods of lead loss, including both thermal/ 
metamorphic events and modern dilatancy during ero­
sion and uplift. 

DISCUSSION AND INTERPRETATIONS 

The above isotopic data are significant for several 
reasons. First, the isotopic data show that at least a part 
of the Cleary sequence and the enclosing Fairbanks schist 
unit of the northern Yukon-Tanana terrane is Late 
Devonian. The hypothesis that the Fairbanks schist unit 
is Precambrian because it formed the lowest structural 
level in the region is clearly untenable. Second, the Late 
Devonian age is compatible with the interpretation 
(Churkin and others, 1982; Foster and others, 1983, 
1987) that the northern Yukon-Tanana terrane is thrust 
against the Wickersham terrane to the north (fig. 1 ), 
rather than being depositionally overlain by the Wicker­
sham terrane. And third, the Late Devonian igneous age 
of the metarhyolite of the Cleary sequence and the Early 
Proterozoic age of the provenance of zircons in the 
Cleary sequence provide absolute ages for interpreting 
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Figure 4. Concordia plot of lead-uranium data from metarhyolite sample 87ANK 081A from the Cleary 
sequence. Regression of best-fit line is through data from fine-grained size fractions (circles) only. 
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the regional geology and deep crustal structure of the 
Yukon-Tanana terrane and for interpreting regional 
metallogenesis. 

The age of the metarhyolite in the Cleary sequence 
is similar to ages of metavolcanic rocks that occur in 
thrust sheets in the central and southern parts of the 
Yukon-Tanana terrane in the Big Delta and Mount 
Hayes quadrangles (Aleinikoff and Nokleberg, 1985; 
Aleinikoff and others, 1986; Foster and others, 1987). 
Additional support for a Devonian age for the Cleary 
sequence and the surrounding Fairbanks schist unit 
results from identification of rocks correlated with the 
Cleary sequence in the Salcha River area about 90 km to 
the southeast of Fairbanks in the Big Delta quadrangle. 
In this area, a thin sequence of metatuff and quartz-mica 
schist is correlated with the Cleary sequence (J .R. Mitch­
ell, oral commun., 1989). This sequence occurs in the 
pelitic schist unit that overlies the sillimanite gneiss dome 
(Dusel-Bacon and Foster, 1983) in the Yukon-Tanana 
terrane. Two other silicic metavolcanic rocks to the east 
in the Yukon-Tanana terrane also have Devonian U-Pb 
zircon ages (Aleinikoff and others, 1986). A sample of 
white gneiss in the southwestern corner of the Big Delta 
quadrangle, interpreted as a metatuff, is similar in com­
position, mineralogy, and texture and has a U-Pb zircon 
age of 362± 14 Ma (Aleinikoff and others, 1986). 

Several felsic metavolcanic rocks in the Jarvis 
Creek Glacier sub terrane of the southern Yukon-Tanana 
terrane in the northern Mount Hayes quadrangle have 
U-Pb ages of about 375 Ma (Aleinikoff and Nokleberg, 
1985; Nokleberg and Aleinikoff, 1985). The metavolcan­
ic and metasedimentary rocks of the Jarvis Creek Glacier 
subterrane in the upper structural levels of the southern 
Yukon-Tanana terrane (Nokleberg and Aleinikoff, 1985; 
Nokleberg and others, 1986) are quite similar in compo­
sition, texture, structure, isotopic age, and protolith to 
those of the Fairbanks schist unit and the Cleary se­
quence. These similarities suggest that rocks of the Jarvis 
Creek Glacier subterrane and Fairbanks schist unit may 
be correlative units. These data also indicate that middle 
Paleozoic (Devonian to Mississippian) magmatism oc­
curred throughout the Yukon-Tanana terrane. 

The source area for detrital zircons in the sedimen­
tary rocks in the Yukon-Tanana terrane, indicating prov­
enance ages of about 2.1-2.3 Ga, remains enigmatic. 
Detrital zircons from metasedimentary rocks with similar 
ages have been reported from rocks of the Windermere 
Supergroup in the Cassiar terrane of southern Yukon 
and northern British Columbia (Evenchick and others, 
1984; Erdmer and Baadsgaard, 1987), on strike with the 
Yukon-Tanana terrane about 1,100 km to the southeast. 
Other evidence for the age of the parent rocks is 2.1- to 
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2.3-Ga U-Pb upper intercept ages (Mortenson and Jil­
son, 1985; Aleinikoff and others, 1986) and Sm-Nd 
model ages (Aleinikoff and others, 1981; Bennett and 
Hansen, 1988) from Devonian to Mississippian ortho­
gneisses of the Yukon-Tanana terrane in Alaska and the 
Yukon. Although rocks of nearly appropriate age crop 
out in the Bear-Slave structural province about 1,400 km 
to the east-southeast (Frith and others, 1977), a geo­
graphically viable source for the detrital zircons in the 
Yukon-Tanana terrane is still unknown. 
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Geologic Setting, Petrology, and Age of Pliocene to 
Holocene Volcanoes of the Stepovak Bay Area, 
Western Alaska Peninsula 

By Frederic H. Wilson 

Abstract 

Five volcanoes are situated north of Stepovak Bay on 
the western Alaska Peninsula; only one of these, Kupreanof 
volcano, had been reported prior to USGS reconnaissance 
geologic mapping of the area between 1982 and 1986. The 
volcanoes overlie sedimentary rocks of Eocene to late Mio­
cene age and welded(?) tuff deposits of uncertain, but 
presumably late Tertiary, age. All five of the volcanoes are 
aligned northeast-southwest at the southeast end of the well­
defined Chignik segment of the Aleutian arc. The group 
shows evidence of eruptive activity beginning approximately 
4.7 Ma and continuing into Holocene time and represents 
one of the longest lived active volcanic centers on the Alaska 
Peninsula. Associated rocks are generally tholeiitic andesite 
in composition and have a limited range of mineralogy and 
texture. Extensive upper Tertiary and Quaternary andesite 
lava flows cap ridges and fill valleys in the vicinity of the 
volcanoes and, in some cases, extend to near sea level. 
Holocene eruptive activity, which occurred on four of the five 
Stepovak Bay group volcanoes, resulted in three small debris 
flows, two short lava flows, and a small cinder cone. Active 
fumaroles exist today on two of the volcanoes. 

INTRODUCTION 

The Stepovak Bay volcanoes consist of a chain of 
five relatively closely spaced Quaternary eruptive centers 
located along the Aleutian arc on the western Alaska 
Peninsula (figs. 1, 2). Kupreanofvolcano, a stratovolcano 
nearly 1,900 m high, is the largest and best known of the 
group (Coats, 1950) and the only volcano of the group 
that has been formally named (fig. 2). The three south­
ernmost volcanoes were located during reconnaissance 
geologic mapping in 1982 (Yount and others, 1985). 
Later work, through 1986, more completely defined 
these three volcanoes, and an additional center was 
discovered between these and Kupreanof volcano. For 
easy reference, the newly discovered centers are infor­
mally referred to by number (1-4), starting from the 
southwest (figs. 1, 2 and table 1). 

The volcanoes, other than Kupreanof, were previ­
ously undiscovered chiefly because poor weather and 

limited access tend to prevent close examination of the 
area. A party from the Harriman Expedition of 1899 
(Palache, 1904) stopped in Chichagof Bay southwest of 
the volcanoes but was limited to short excursions in the 
vicinity of the bay. Maddren (1919) and Eakins (1970) 
reported sulfur deposits and a fumarole that has since 
been determined to be on volcano 4, but neither author 
reported the volcanoes as eruptive centers. Burk's (1965) 
regional map of the Alaska Peninsula shows volcanic 
rocks in the area, but he did not recognize that these 
rocks include Quaternary volcanic centers that have had 
Holocene activity. All of these studies were handicapped 
by poor access and, until recently, an extremely poor 
quality topographic base map of the area. The area is 
remote enough that most rivers, streams, and peaks don't 
have names, even in local usage. The geologic informa­
tion presented here is reconnaissance in nature; limited 
field time and, in particular, difficult access and poor 
weather continue to handicap studies in the area. 

The discovery of these volcanoes is an outgrowth of 
geologic mapping in support of the Alaska Mineral 
Resource Assessment Program (AMRAP) studies in the 
Port Moller, Stepovak Bay, and Simeonof Island 
1:250,000-scale quadrangles. M.E. Yount, R.L. Detter­
man, and J.W. Miller assisted in the mapping of the 
volcanoes and in discussions on the interpretation of the 
data; their help is gratefully acknowledged. 

GEOLOGIC SETTING 

The Stepovak Bay volcanoes occur at and define 
the southwest end of a N. 40° E. oriented linear segment 
of the generally northeast trending Aleutian volcanic arc, 
about 280 km northwest of the Aleutian trench. Here, 
this segment is informally referred to as the Chignik 
volcanic arc segment (fig. 1). This segment includes the 
better known and much larger Mount Veniaminof and 
Aniakchak Crater volcanoes (Coats, 1950). The Chignik 
segment is defined by major right-lateral transverse 
offsets of the Aleutian arc. The offset at the northeast 
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end of the Chignik segment lies between Aniakchak and 
Yantarni volcanoes (Riehle and others, 1987). The 
southwest end of the Chignik segment lies between 
volcano 1 of the Stepovak Bay volcanoes and Mount 
Dana, the next Holocene volcanic center, which is located 
to the southwest. The intervening region contains small 
areas of Pleistocene volcanic flows and a Pleistocene 
dome (fig. 1, U1 and U2). 

Three kinds of geologic transitions occur in the 
vicinity of the Stepovak Bay volcanoes. (1) Aeromagnetic 
and gravity data from the central Alaska Peninsula 
suggest that the underlying crust is transitional between 
oceanic crust of the Aleutian Islands and continental 
crust of the northeast end of the Alaska Peninsula (Case 
and others, 1981, 1987). (2) The southwest end of the 
Chignik segment closely corresponds to the northeastern 
end of the Shumagin seismic gap (fig. 1; Davies and 

others, 1981). (3) The southwest end of the Chignik 
segment also marks a transition in structural style of the 
Mesozoic and early Tertiary rocks of the Alaska Penin­
sula. The volcanoes rest in part on northeast-trending 
folds with generally gentle dips that are locally over­
turned and overthrust from the northwest (Detterman 
and others, 1981, 1987). Southwest of the volcanoes, the 
structural style is fault dominated rather than fold dom­
inated, and thrusting was from the southeast rather than 
the northwest. 

The Stepovak Bay volcanoes overlie sedimentary 
rocks of Eocene to Pliocene age. All but the southern­
most of the volcanoes are built on rocks of the middle 
and upper Miocene Bear Lake Formation and the Plio­
cene Milky River Formation. The Bear Lake Formation 
is a shallow marine sandstone and conglomerate distinc­
tive among Tertiary stratigraphic units on the Alaska 
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Table 1. Location and summit elevation of the Ste­
povak Bay volcanoes; base elevation increases 
northeastward from 600 to 900 m 

Volcano Latitude Longitude Elevation 

or center (m) 

Volcano 1 55.87° N 160.09° w 1,320 
Volcano 2 55.91°N 160.04° w 1,325 
Volcano 3 55.93°N 160.00° w 1,400 
Volcano 4 55.95°N 159.96° w 1,555 
Kupreanof 56.01° N 159.79° w 1,895 

Peninsula because plutonic and chert clasts dominate 
over volcanic debris. The Milky River Formation crops 
out northwest of the volcanoes and consists of volcanic 
flows and agglomerate and sedimentary rocks composed 
mainly of volcanic detritus. At the type locality, located 
just northwest of Kupreanof volcano, the proportion of 
volcanic to sedimentary rocks increases upward (Detter­
man and others, 1981). The volcanic components of the 
Milky River are the earliest products of the Stepovak Bay 
volcanic centers. In the area immediately northwest of 
the volcanic centers, volcanic rocks dominate the Milky 
River Formation. Farther north, where the Milky River 
Formation is known only from drill core, sedimentary 
rocks composed of volcanic detritus dominate (Detter­
man and others, in press). In the Stepovak Bay region, 
the top of the Milky River Formation has not been 
defined, but it appears to be gradational with Pliocene 
and Pleistocene flows. On the southeast flank of the 
volcanic centers, the Eocene Tolstoi Formation crops out 
in a homoclinally southeast dipping section. In this area, 
the Tolstoi consists of fluvial siltstone, sandstone, and 
conglomerate. Thick welded(?) tuff deposits of uncertain 
but presumably late Tertiary age underlie volcano 1, the 
southernmost of the volcanoes. 

South of the volcanoes, undated but presumably 
Oligocene, propylitically altered volcanic rocks crop out 
in a large area. A dacite dike intruding these has been 
potassium-argon dated at 8.27±0.24 Ma (DuBois and 
others, 1987). These altered volcanic rocks are probably 
part of the Meshik arc (Wilson, 1985), an Eocene to early 
Miocene precursor of the Aleutian arc. Overlying these 7 
to 12 km south-southwest of volcano 1 is an area of 
Pliocene(?) flows. These Pliocene(?) flows are possibly 
related to a deeply eroded center (fig. 2, Ph); outcrops of 
hypabyssal rocks in a snowfield among these flows may 
be the root of this center. 

At American Bay (fig. 2), the Oligocene volcanic 
rocks are intruded by a multiphase quartz diorite pluton 
of early Pliocene age (3.6±0.10 Ma, K-Ar, Nora Shew 
and F.H. Wilson, unpub. data, 1988). This pluton is 12 to 
15 km south of volcano 1 and only 8 km south of 
essentially coeval flows from the volcanoes. 

Flows, agglomerates, and clastic rocks that are 
early products of the volcanoes occur north of a valley 
northwest of the line of volcanoes. These older flows and 
clastic rocks, in part included in the Milky River Forma­
tion, and in part overlying the Milky River Formation, dip 
gently away from the volcanic centers. We infer that a 
concealed fault (fig. 2) projects through this valley, 
primarily because use of the dip to project the flows back 
to the area of the eruptive centers indicates significant 
vertical offset. This fault is aligned parallel to the line of 
volcanoes and is upthrown to the northwest. The inferred 
fault is poorly defined in the vicinity of Kupreanof 
volcano. 

PETROGRAPHY 

Our rock samples from the Stepovak Bay volcanoes 
have a limited range of mineralogy and texture. All are 
porphyritic and have approximately 10 to 40 percent 
phenocrysts. Phenocrysts of clinopyroxene and plagio­
clase are common to all, and hornblende is conspicuously 
absent. Plagioclase compositions determined from 
Carlsbad-albite extinction angles (Kerr, 1977, p. 
295-298) range between An 55 and An 90, but no 
compositions between An 70 and An 80 were observed. 
The only identified clinopyroxene is augite, which is 
usually twinned. Olivine phenocrysts occur in more than 
half the samples, whereas orthopyroxene is uncommon. 
In only 2 of 17 samples do both orthopyroxene and 
olivine occur. Orthopyroxene, where it occurs, generally 
has a reaction rim of clinopyroxene. Olivine is most 
common in rocks having plagioclase compositions of An 
55 to 70, whereas orthopyroxene occurs in rocks of all 
plagioclase compositions. The groundmass ranges from 
glass to fine-grained holocrystalline mixtures of plagio­
clase, clinopyroxene, and opaque oxides. 

Hyalopilitic or pilotaxitic textures dominate in the 
samples examined, but some rocks have hyalophitic to 
subophitic texture. In some samples, angular phenocrysts 
with sharp boundaries in a glassy groundmass suggest 
that the rock was quenched. Other samples are sub­
ophitic rocks composed of partly resorbed phenocrysts in 
a partially crystalline groundmass. In a few samples, 
polysynthetically twinned, weakly zoned plagioclase phe­
nocrysts coexist with untwinned or albite-twinned and 
strongly zoned plagioclase phenocrysts. Optical determi­
nation of the composition for both types of plagioclase 
phenocrysts was not possible in these rocks. Wilson and 
others (1983) found that the albite-twinned plagioclase 
phenocrysts typically were of much lower An content 
than coexisting polysynthetically twinned phenocrysts in 
the area to the north of the volcanoes. Discrete grains of 
opaque oxides are a significant minor component in all 
samples. 
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CHEMISTRY 

The silica content of the lavas from Stepovak Bay 
volcanoes ranges from 50.3 to 62.7 percent (50.24 to 
62.67 percent anhydrous, see table 2); using the lUGS 
chemical classification of volcanic rocks (Streckeisen, 
1979) all samples are andesite, except for one, which is a 
leucobasalt. Using Gill's (1981) classification system for 
orogenic andesites, the rocks of the Stepovak Bay volca­
noes that have anhydrous Si02 contents greater than 53 
percent are medium-K orogenic andesite trending 
toward high-K orogenic andesite (fig. 3); samples that 
have less than 53 percent Si02 are basalt. Rocks contain­
ing less than 54 percent Si02 (anhydrous) are island arc 
tholeiites on the basis of a Mn0-Ti02-P20 5 ternary plot 
(fig. 4; Mullen, 1983). Chemical analyses (table 2) display 
slightly greater than normal iron-enrichment (fig. 5) for 
volcanic rocks of the Alaska Peninsula (see Wilson and 
others, 1983). There is no correlation with respect to age 
for assignment of a particular sample to either the 
tholeiitic or calc-alkaline classes. 

DISTRIBUTION, AGE, AND ERUPTIVE 
HISTORY 

Pliocene and Pleistocene Products 

All the volcanoes contribute to extensive upper 
Tertiary and Quaternary lava flows that cap ridges and 
fill valleys in the vicinity of the volcanoes. In some cases, 
these flows extend to near sea level. The flows are 
particularly extensive northwest of volcano 1 and south­
east of Kupreanof, however, remnants of the flows are 
distributed around all of the centers. The oldest ages 
typically come from rocks most distant from the present 
volcanic centers; however, this may largely reflect to 
outcrop patterns. Closer to the present eruptive centers, 
older rocks are covered by younger flows. 

Potassium-argon dating (table 3) indicates that the 
area has been the locus of volcanic activity for approxi­
mately the last 4.7 million years. A 4.65-Ma age was 
determined on an andesite flow (fig. 2 and table 3, 
locality 20) capping a ridge 9 km southwest of volcano 1. 
In this area, the volcanic rocks are erosional remnants of 
flows that filled valleys. Clearly defined lobes from flows 
and gross structures indicating that lavas that poured 
from ridges into valleys are well preserved. Much of the 
area overlain by these flows and by nearby volcano 1 is 
composed of hydrothermally altered welded(?) tuff of 
unknown but presumably late Tertiary age (fig. 2). 

Outcrops of hypabyssal rocks (fig. 2, Ph) in a 
snowfield 7 to 12 km south-southwest of volcano 1 
among Pliocene(?) flows may indicate yet another erup­
tive center related to the Stepovak Bay volcanoes. 

An age of 3.35 Ma (locality 17, table 3) has been 
determined on an andesite flow 24 km west-northwest of 
volcano 1. A 3.87 Ma age (locality 16, table 3) has also 
been determined on a nearby stratigraphically lower 
andesite flow. These flows cap ridges underlain by rocks 
of the Milky River and Bear Lake Formations on the east 
side of Port Moller bay. Seventeen kilometers north of 
volcano 1, a sample of an andesite flow has yielded an age 
of 1.70 Ma (locality 21, table 3). The flows, which are 
presumably related to the Stepovak Bay volcanoes, form 
an areally extensive cap on rocks of the Milky River and 
Bear Lake Formations. They must have been highly fluid 
on eruption because they extend up to 25 km from the 
volcanic centers, and dip gently northward toward the 
Bering Sea. Although these flows overlie the Milky River 
Formation in this locality, in the adjacent Chignik quad­
rangle to the north, an andesite flow of similar age (3.53 
Ma, locality 5, table 3) is included in the upper part of the 
Milky River Formation (Detterman and others, 1981). 

Two mafic andesite flows from Kupreanof volcano 
yield ages of 0.57 Ma (locality 15, table 3) and approxi­
mately2.1 Ma (Nora Shew and F.H. Wilson, unpub. data, 
1988). Although these two flows are virtually identical 
chemically, the younger of the two flows is orthopyrox­
ene, clinopyroxene, and olivine bearing whereas the older 
contains only clinopyroxene as a mafic phase. A clinopy­
roxene bearing leucobasalt flow from volcano 3 similar to 
the above flows from Kupreanof yielded a 1.48-Ma age 
(locality 7, table 3). 

Remnants of late-glacial flows are found in the 
glaciated fault(?) valley northwest of the volcanoes and 
are further evidence of late Pleistocene volcanic activity. 

Age determinations were attempted on three 
young andesite flows from volcano 1. An age of 0.53 Ma 
(locality 6, table 3) was obtained on a sample from 
volcano 1. A second sample has yielded a preliminary age 
of 0.4 Ma (Nora Shew and F.H. Wilson, unpub. data, 
1988). Finally, we were unsuccessful in obtaining an age 
on the third sample; there was insufficient argon to 
calculate a reliable age (Nora Shew and F.H. Wilson, 
unpub. data, 1988). An estimated maximum age of 
approximately 0.05 Ma can be calculated for this sample, 
based on the lower limit of argon concentration that our 
system can generally measure and the potassium content 
of the sample. 

Holocene Products 

All of the Stepovak Bay volcanoes except volcano 1 
have clearly had Holocene eruptions. These eruptions 
produced three small debris flows from Kupreanof and 
volcano 4 into late Pleistocene glacial valleys, a short lava 
flow from volcano 3, and a small cinder cone and lava 
flow from volcano 2 (fig. 2). 
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Table 2. Major element chemical analyses of rock samples from the Stepovak Bay volcanoes 

[Localities 16, 17, 18, and 21 are west of the area shown on figure 2. These locality numbers are the same numbers used on figures 3 through 
5. Volcanoes identified by volcano number or K for Kupreanof volcano] 

Locality 2 3 

Volcano K K K 
Si02 55.50 56.10 50.70 
A1203 19.20 18.70 18.90 
Fe203 2.83 3.34 5.26 
FeO 5.23 5.03 3.90 
MgO 3.30 2.80 3.00 
CaO 8.09 8.27 9.70 
Na20 3.40 3.10 2.80 
K20 1.20 1.47 1.09 
Ti02 .86 .97 1.12 
P205 .20 .20 .20 
MnO .16 .15 .13 
C02 .08 .41 .27 
H20+ .31 .45 1.12 
H20- .11 .21 1.87 
Total 100.47 101.2 100.06 

Feo• 7.78 8.04 8.63 
FeO•jMgO 2.36 2.87 2.88 

Latitude 56.05 56.01 56.02 
Longitude 159.79 159.89 159.89 
Field number 78ARh 52 78ARh 55 78ARh 55A 

Locality 8 9 10 

Volcano 2 1 2 
Si02 62.70 59.90 58.40 
A1203 16.30 16.50 16.80 
Fe203 2.72 2.63 2.66 
FeO 3.41 4.28 4.44 
MgO 2.41 3.50 3.43 
CaO 5.29 6.39 7.22 
Na20 3.79 3.40 3.26 
K20 2.45 1.98 1.82 
Ti02 .70 .78 .77 
P205 .16 .17 .16 
MnO .12 .14 .14 
C02 .09 .02 .02 
H20+ .30 .33 .57 
H20- .07 .12 .14 
Total 100.51 100.14 99.83 

Feo• 5.86 6.65 6.83 
FeO•jMgO 2.43 1.90 1.99 

Latitude 55.88 55.92 55.91 
Longitude 160.06 160.02 160.02 
Field number 83AWs 108a 83AYb 522 83AYb 523 

The easternmost of the debris or block-and-ash 
flows originates from Kupreanof volcano. It consists of 
well-compacted, chaotically mixed volcanic-lithic frag­
ments and possibly juvenile material ranging from pebble 
size to nearly 10m in diameter set in a mud and volcanic 
ash(?) matrix. The tongue-shaped flow is strongly iron-

4 5 6 7 

K 1 3 
58.60 55.34 57.50 50.30 
16.60 15.94 16.70 18.00 

4.56 2.51 2.91 2.91 
3.51 5.41 5.22 6.83 
2.40 5.78 3.26 6.70 
6.17 8.35 7.08 11.30 
3.90 2.90 3.39 2.21 
1.35 1.52 1.90 .71 
1.12 .94 .94 .80 

.30 .15 .26 .17 

.19 .14 .17 .18 

.32 .18 .09 .11 

.12 .64 .25 .40 

.22 .59 .24 .17 
99.36 100.39 99.91 100.79 

7.61 7.67 7.84 9.45 
3.17 1.33 2.40 1.41 

56.01 56.00 55.84 55.90 
159.85 160.04 160.03 159.90 

78ARh 56 78AYb 90 82AWs 45 83AWs 97 

11 12 13 14 

1 1 K K 
54.40 53.20 55.80 51.20 
16.90 16.30 16.40 17.20 
3.10 3.46 5.00 4.49 
6.02 5.26 4.07 4.72 
4.13 5.48 3.30 5.20 
8.02 8.92 7.13 9.26 
3.21 2.87 3.00 2.40 
1.53 1.57 1.62 1.07 
1.04 .93 .93 .88 

.26 .23 .17 .17 

.17 .15 .17 .15 

.02 .02 .73 .87 

.31 .41 1.32 1.79 

.45 .96 .14 .26 
99.56 99.76 99.78 99.66 

8.81 8.37 8.57 8.76 
2.13 1.53 2.60 1.68 

55.82 55.82 56.00 55.98 
160.06 160.06 159.66 159.65 

83AYb 537 83AYb 538 84ADt192 84AWs 176 

stained on weathered surfaces, and individual fragments 
are rich in disseminated pyrite. Similar debris flows 
originate from volcano 4 and flow in opposite directions 
from its summit. The northernmost of these traveled 
over, and came to rest on, an alpine glacier. The south­
ernmost flowed down a valley toward the Pacific Ocean 
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Table 2. Major element chemical analyses of rock samples from the Stepovak Bay volcanoes-Continued 

Locality 15 16 17 18 19 20 21 

Volcano K 1 
Si02 51.40 55.10 55.70 54.00 54.20 59.00 55.80 
A1203 18.10 17.50 16.90 16.20 17.70 16.10 17.00 
Fe203 1.40 3.91 4.44 4.49 9.611 3.84 2.39 
FeO 8.10 4.02 4.01 4.96 3.26 5.42 
MgO 5.40 3.40 3.10 3.30 4.44 2.30 4.40 
CaO 10.10 8.08 6.80 7.64 8.60 5.62 8.58 
Na20 2.40 3.20 3.40 3.60 3.03 3.90 2.90 
K20 .78 1.75 1.78 1.14 1.37 2.30 1.52 
Ti02 .85 1.03 1.12 1.42 .94 .94 .82 
P20s .13 .21 .30 .22 .19 .30 .16 
MnO .17 .13 .13 .18 .16 .14 .15 
C02 .22 .28 .48 .74 .43 .06 
H20+ .05 .65 .57 .96 .74 .10 
H20- .33 .03 .08 .81 .14 .07 
Total 99.43 99.29 98.81 99.66 100.24 99.01 99.37 

FeO* 9.35 7.53 8.01 9.00 8.65 6.72 7.57 
FeO*/MgO 1.73 2.21 2.58 2.73 1.95 2.92 1.72 

Latitude 55.98 55.92 55.95 55.89 55.86 55.82 55.96 
Longitude 159.66 160.47 160.45 160.31 160.15 160.23 160.28 
Field number 84AWs 177 84AWs 197 84AWs 199 84AWs 200 84AWs 204 84AYb 633 85AYb 708 

All Fe reported as Fe203, FeO not measured. 
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Figure 3. K2 0 versus Si02 variation diagram for volcanic rocks of Stepovak Bay volcanoes 
showing boundaries between types of orogenic andesite and basalt as defined by Gill (1981). 
Sample numbsrs correspond to localities listed in table 2. 
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and was localized by the moraine of a glacier occupying 
an adjacent valley. All three debris flows have been 
incised 30 to 40 m by modern streams.The summit of 
volcano 2 is a 200-m-high cinder cone. An andesite lava 
flow extends from this cone a kilometer or more down 
slope along an arcuate path northeast then southeast into 
a stream valley; additional material cascaded down the 
north flank of the volcano. Volcano 3 has a thick andesite 
flow originating from an ill-defined ice-filled summit 
crater 300 m in diameter. This flow traveled approxi­
mately 1 km southwest from the crater into the same 
stream valley as the flow from volcano 2. Volcano 1 does 
not show unequivocal evidence of Holocene eruptive 
activity; however, it has an ice-filled summit crater of 500 
m diameter that may be late Pleistocene in age. Holocene 
pyroclastic deposits are not conspicuous at any of the 
centers. 

Maddren (1919) and Eakins (1970) reported an 
area of fumaroles north of Stepovak Bay. T.P. Miller 
(oral commun., 1982) reported of an area of fumaroles at 
Kupreanof volcano and it was commonly assumed that 
these were the same fumaroles. However, T.P. Miller 

(oral commun., 1988) later found that both Kupreanof 
volcano and volcano 4 had fumaroles (fig. 2). Aerial 
photographs from 1962 also suggest the presence of a 
fumarole on the southernmost of the centers, volcano 1 
(fig. 2); however, U-2 aerial photographs taken in 1983 
and our fieldwork did not further document this possible 
fumarole. 

DISCUSSION 

The Stepovak Bay volcanoes conform to some of 
the mineralogical, chemical, and textural characteristics 
of tholeiitic volcanic centers in the Aleutian arc as 
described by Kay and others (1982). The common char­
acteristics include the absence of amphibole and the fact 
that most samples are tholeiitic on the basis of an 
FeO*/MgO versus Si02 plot (fig. 6; Miyashiro, 1974). 
The Peacock alkali-lime index for these centers is 62, 
which is typical of Alaska Peninsula volcanic rocks in 
general (Wilson and Shew, in press). This index is 
somewhat higher than the 57 to 59 considered normal by 
Kay and others (1982) for tholeiitic volcanic centers. Kay 

CAB= Calc-alkaline basalts 

MnO(x10) 50 

EXPLANATION 

• 3 Sample locality-- Number refers 
to table 2 

Figure 4. MnO (X 10)-Ti02 -P20 5 (X 10) ternary plot of volcanic rocks of Stepovak Bay 
volcanoes that have less than 54 percent Si02 (anhydrous) showing these rocks are island 
arc tholeiites (after Mullen, 1983). 
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and others (1982) suggested that andesite and dacite 
vitrophyres are restricted to the tholeiitic series in the 
Aleutian arc. However, though glass is common in the 
groundmass of about two-thirds of the samples from the 
Stepovak Bay volcanoes, this is not unusual for calc­
alkaline and tholeiitic rocks on the Alaska Peninsula 
(Wilson and others, 1983, Riehle and others, 1987). 
Chemical data and standard discrimination diagrams 
suggest that the Stepovak Bay volcanoes should be con­
sidered fundamentally tholeiitic volcanic centers, though 
some calc-alkaline lavas have erupted. However, there 
are insufficient data to determine if the centers show 
evolution or systematic variation of magma chemistry 
with time. 

Kay and others (1982) suggested there are tectonic 
controls on arc magmatism, and they proposed that 
tholeiitic volcanic centers occur at the ends of and 
between segments of the volcanic arc, whereas calc­
alkaline centers occur within volcanic arc segments. They 
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considered Mount Veniaminof, immediately to the 
northeast of the Stepovak Bay volcanoes, a tholeiitic 
volcanic center and used it to define the eastern end of 
their Cold Bay volcanic arc segment. By implication then, 
as within-segment volcanoes, the Stepovak Bay volcanoes 
should be calc-alkaline. However, the chemical and pet­
rographic data for the Stepovak Bay volcanoes suggest 
they are best defined as tholeiitic volcanic centers though 
they exhibit some characteristics transitional to calc­
alkaline rocks. On the basis of the Kay and others (1982) 
arc segment definition, it appears incorrect to terminate 
the Cold Bay arc segment at Mount Veniaminof. Possi­
bly, the 65-km-long section of the Aleutian arc defined by 
the Stepovak Bay volcanoes and Mount Veniaminof 
represents a tholeiitic between-segment portion of the 
arc, as defined by Kay and others (1982). This would 
require the Cold Bay arc segment to end somewhere west 
of the Stepovak Bay volcanoes. Alternatively, by inclusion 
of the Stepovak Bay volcanoes to Mount Veniaminof 

\ 

-~ 

EXPLANATION 

• 1 Sample locality -- Number 
refers to table 2 

Figure 5. AFM ternary diagram 'Of volcanic rocks of Stepovak Bay volcanoes showing slightly greater than 
normal iron enrichment. Dashed line indicates field for calc-alkaline rocks of Ringwood (1977) and solid line 
indicates division between tholeiitic and calc-alkaline rocks of Irvine and Baragar {1971). A is Na20± K2 0, 
F is total iron, calculated as FeO, and M is MgO. 
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Table 3. K-Ar age determinations of rocks forming the Stepovak Bay volcanoes 

[Age determinations calculated using the following constants:~.= 5.72 X 10-10 year-1, ~.' = 8.78 X 10-lS year-1, ~(j = 4.962 X 10-10 year-1, 40KJK 
= 1.167 X 10-4 atom percent. Argon analysis and age calculation by Nora Shew and F.H. Wilson, potassium analysis by Sarah Neil, Stuart 
McPherson, Byron Lai, Terry Fries, and Larry Espos, U.S. Geological Survey. Potassium was determined using lithium metaborate fusion and 
flame photometry, generally following the methods of Engels and Ingamells (1970). Argon extraction and measurement were done using 
techniques of isotope-dilution mass spectrometry as generally described by Dalrymple and Lanphere (1969), with modification presented by Wilson 
(1980). The error assigned to each age is an estimate of the standard deviation of analytical precision using the method of Cox and Dalrymple 
(1967), together with an estimate of precision based on evaluation of the uncertainties in the concentration of the argon tracer and potassium 
measurements. All potassium and argon analyses were done in duplicate] 

Locality Rock type Latitude Longitude 

and field and mineral 

number dated 

5 Andesite 56.oo·N 160.o4·w 

78AYb 90 

6 Andesite 55.84"N 160.o3·w 

82AWs 45 

7 Leu co- 55.9o·N 159.9o·w 

83AWs 97 basalt, 

plagioclase 

15 Andesite, 55.98.N 159.66·w 

84AWs 177 plagioclase 

16 Andesite, 55.92.N 160.4TW 

84AWs 197 plagioclase 

17 Andesite, 55.95.N 160.45·w 

84AWs 199 plagioclase 

20 Andesite, 55.82.N 16o.23·w 

84AYb 633 plagioclase 

21 Andesite, 55.96•N 160.29·w 

85AYb 708 plagioclase 

section of the arc in the spatially well-defined Chignik arc 
segment, tholeiitic centers may only indicate the position 
of areas of rapid magma transport to the upper crust. 

The available data suggest major tilting and differ­
ential uplift from the southeast along the axis of the 
Alaska Peninsula. This tilting and differential uplift has 
combined with glaciation to result in the best preserva­
tion of the Milky River Formation and the Stepovak Bay 
volcanoes on the northwest side of the Alaska Peninsula. 
The evidence in support of tilting and differential uplift 
includes the exposure of the pluton at American Bay, 
which is similar to plutons associated with porphyry 
copper systems. A depth of emplacement of 1.5 to 3 km 
or more is typically suggested for the porphyritic plutons 
in models of copper porphyry systems (Sillitoe, 1973; 
Sutherland Brown, 1976). This is also a reasonable 

K20 40Arrad Arrad Age Error 

average x1o-12 percent (Ma) m.y. 

percent 

1.382 7.346 32.15 

6.701 36.72 3.53 0.27 

.356 .322 7.07 

.225 5.01 .53 .14 

.094 1.4949 2.39 

2.5347 4.41 

2.0167 3.27 

1.9497 3.81 1.48 .36 

.104 .0891 1.58 

.0808 1.62 .57 .06 

1.562 8.6887 75.9 

8.7360 56.5 3.87 .06 

.376 1.7686 35.6 

1.8507 35.5 3.35 .12 

.416 2.7809 45.1 

2.7861 39.1 4.65 .07 

.906 2.1982 47.2 

2.2447 53.3 1.70 .03 

estimate of the depth of emplacement for the quartz 
diorite pluton of early Pliocene age at American Bay only 
8 km south of essentially coeval flows from the Stepovak 
Bay volcanoes. Erosion of approximately 2 km of cover 
was probably required to expose this pluton and indicates 
tremendous differential erosion compared to the nearby 
volcanic flows. No major fault systems have been mapped 
between the exposures of plutonic and volcanic rocks, 
hence tilting and differential uplift are good explanations 
for the observed effect. Additionally, raised terraces, 
uplifted sea caves on the Pacific Ocean coast, drowned 
moraines on the Bering Sea coast, and other field evi­
dence (R.L. Detterman, P.R. Weber, and F.H. Wilson, 
unpub. data, 1988) support the suggestion of differential 
uplift on the Alaska Peninsula. Quaternary glaciers 
flowed from the south and southwest and were 
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table 2 
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Figure 6. FeO*/MgO versus Si02 variation diagram for volcanic rocks of Stepovak Bay volcanoes showing 
that most rocks are tholeiitic. FeO* is total iron, calculated as FeO. Boundary between tholeiitic and 
calc-alkaline fields after Miyashiro (1974). 

largest on the southeast side of the Alaska Peninsula in 
this area (Weber, 1985); this glaciation caused the pref­
erential removal of rocks on the southeast. 

SUMMARY OF CONCLUSIONS 

Three of the five Stepovak Bay volcanoes were first 
recognized as Quaternary volcanic centers in 1982, and 
an additional one was recognized in later field work. The 
five volcanoes represent the latest phase of more than 
4.65 million years of eruptive activity north of Stepovak 
Bay. As such, they represent one of the longest lived 
active volcanic centers on the Alaska Peninsula. The 
oldest products of the volcanoes were voluminous ande­
site flows. These flows, in part mapped in the Milky River 
Formation, are now exposed capping most of the ridges 
in the vicinity of the volcanoes. Holocene eruptive activity 
has consisted of a number of debris and lava flows from 
at least four of the volcanoes, and at present there are 
active fumaroles on two of the volcanoes. Volcanic 
eruptions have occurred along the entire of the chain of 
volcanic centers throughout their history. 

Rocks erupted throughout the history of the volca­
noes have a limited range of mineralogy and texture. 
Plagioclase compositions range widely, and the presence 
of olivine is correlated with the lowest An-content plagi-

oclase. The Stepovak Bay volcanoes are generally tholei­
itic and occur at the southeast end of the herein defined 
Chignik segment of the Aleutian arc. 

Data from the volcanoes and nearby plutonic rocks 
agree with other data that suggest major tilting and 
differential uplift from the southeast along the axis of the 
Alaska Peninsula. In combination with glaciation, this 
has resulted in the best preservation of the volcanoes on 
the northwest side of the Alaska Peninsula. 
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Creation of a Full Color Geologic Map by Computer: 
A Case History from the Port Meller Project 
Resource Assessment, Alaska Peninsula 

By Frederic H. Wilson 

Abstract 

Graphics programs on computers can facilitate the 
compilation and production of geologic maps, including full 
color maps of publication quality. This paper describes the 
application of two different programs, GSMAP and 
ARC/INFO, to the production of a geologic map of the Port 
Meller and adjacent 1 :250,000-scale quadrangles on the 
Alaska Peninsula. GSMAP was used at first because of easy 
digitizing on inexpensive computer hardware. Limitations in 
its editing capability led to transfer of the digital data to 
ARC/INFO, a Geographic Information System, which has 
better editing and also added data analysis capability. 
Although these improved capabilities are accompanied by 
increased complexity, the availability of ARC/INFO's data 
analysis capability provides unanticipated advantages. It 
allows digital map data to be processed as one of multiple 
data layers for mineral resource assessment. As a result of 
development of both software packages, it is now easier to 
apply both software packages to geologic map production. 
Both systems accelerate the drafting and revision of maps 
and enhance the compilation process. Additionally, ARC/ 
INFO's analysis capability enhances the geologist's ability to 
develop answers to questions of interest that were previously 
difficult or impossible to obtain. 

INTRODUCTION 

Graphics programs on computers, and in particular 
microcomputers, can facilitate the compilation and pro­
duction of geologic maps in the same way that word 
processing software facilitates the production of text. 
This paper describes an attempt to apply this graphics 
technology to a mapping and mineral resource assess­
ment project. The initial goal was to be able to rapidly 
prepare a geologic map ready for publication as a full 
color 1:250,000-scale map from field data. As the project 
developed, enhanced capabilities resulted from rapidly 
advancing computer and graphics technology and from 
program modifications using that new technology. These 
greater capabilities allowed modification of the scope of 
our project goals. The digital format of the map data was 

found to be useful in computer processing for other 
phases of the mineral resource assessment process; it 
also enhanced the assessment by allowing evaluation of 
the data in new ways. 

Geologic mapping and resource assessment of the 
Port Moiler, Stepovak Bay, and Simeonof Island 
1 :250,000-scale quadrangles on the Alaska Peninsula 
(fig. 1) is part of the Alaska Mineral Resource Assess­
ment Program (AMRAP). A multidisciplinary team 
including F.H. Wilson, R.L. Detterman, J.W. Miller, J.E. 
Case, M.E. Yount, and L.M. Angeloni conducted field 
mapping during the 1982 through 1986 field seasons. 
Previous mapping by Atwood (1911 ), Burk (1965), 
Kennedy and Waldron (1955), and Moore (1974) pro­
vided an excellent framework for the AMRAP mapping; 
however, extensive changes to most of the existing maps 
were required. These changes were due, in part, to 
reinterpretation of the regional stratigraphic framework 
and the availability of better topographic maps. Data 
collected for the geologic map were obtained from 
traverses, helicopter spot landings, aerial photography, 
and Landsat imagery. 

Field data were plotted on 1 :63,360-scale stable 
base maps. These maps were then digitized directly to 
take advantage of computer scale conversion because in 
the case of the Port Moller quadrangle, their topography 
is more accurate than the existing 1:250,000-scale topo­
graphic map produced as part of the Alaska Reconnais­
sance Series. For the Stepovak Bay and Simeonof Island 
quadrangles, the 1:250,000-scale topographic maps are 
adequate publication bases. 

COMPUTER-AIDED MAP PREPARATION 
SOFTWARE 

Advances in computer hardware and software have 
made possible the computer production of geologic 
maps. This capability theoretically allows rapid produc­
tion and editing of maps that are of equivalent or higher 
quality than traditional hand-drafted maps. It also allows 
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selection of specific types of features from a single map 
data file to produce maps of many different kinds, 
tailored to specific uses or audiences. However, use of 
these computer capabilities requires a conceptual re­
thinking of what defines a geologic map. A field station, 
strike and dip measurement, or a fossil collection locality 
is a point on the map with particular characteristics, not 
limited to the measurement or collection, but including 
the location in space. Faults, stratigraphic contacts, and 
fold axes can be thought of as types of lines that have 
other characteristics, which are referenced through a 
coding scheme or an attribute, attached to define these 
characteristics. Areas of particular geologic units become 
polygons with attributes to define their characteristics. 
Depending on the software in use, this may be a single 
number code referencing a list on paper, or it may be a 
link to a data base with fields for a variety of character­
istics of that geologic unit and polygon. Some software 
will establish topology, defined as a mathematical proce­
dure for explicitly defining spatial relations (Environ­
mental Systems Research Institute, 1987, volume 1, p. 

3-7). The field stations, faults, and outcrop areas we are 
familiar with, mathematically are dealt with as points, 
lines, and polygons with associated attributes. With the 
creation of topological structure, characteristics defined 
for polygons include area and bounding lines, in addition 
to geologic unit. For a line, characteristics defined in­
clude the polygons that it bounds, the points or nodes 
that it connects, and the starting and ending locations 
(hence, the direction). 

Computer software for mapping use tends to be of 
two basic types, automated mapping (AM) software or 
Geographic Information Systems (GIS). A fundamental 
difference is that AM software is unlikely to establish 
topology, whereas GIS software generally will. A third 
type of software, computer-aided drafting (CAD) soft­
ware, is similar to AM software, except that it usually 
does not allow the cartographic projection of a map to be 
changed. GSMAP is an example of automated mapping 
(AM) software, whereas ARC/INFO (Environmental 
Systems Research Institute, 1987) is an example of GIS 
software. Any particular program, or group of programs, 
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Figure 1. Location of Port Moller project area shown by 1 :250,000-scale quadrangles. 
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may actually have features of more than one of these 
categories. 

When the Port Moller project was started, none of 
the project personnel were aware of the distinctions 
between computer mapping systems; only Wilson was 
moderately computer literate. We would have been un­
able to clearly define the desirable characteristics for 
software to produce a geologic map (table 1). When we 
were confronted with the problem of compiling our field 
data, the first versions of GSMAP (Selner and others, 
1986a, 1986b ), an AM program developed for IBM­
compatible microcomputers, had just became available. 
It had characteristics that appeared valuable for 
computer-based map compilation. Demonstration by 
G.I. Selner (oral and written commun., 1986) of its 
ability to produce high-quality output led us to select it 
for the production of the Port Moller AMRAP geologic 
map. It was important that any system selected be readily 
understandable by project personnel. GSMAP appeared 
to meet that criterion, ran on previously acquired and 
readily available hardware, and was free of cost. At the 
time, we were unaware of ARC/INFO and did not have 
ready access to it. 

INITIAL COMPILATION: USE OF GSMAP 

Digital Compilation 

Initially, maps were digitized after the extrapola­
tion of geologic contacts and interpretation of geologic 
relations between units for each 1:63,360 map sheet was 
made by hand. Digitizing was performed with version 2 of 
GSMAP (G.I. Selner, R.B. Taylor, and B.R. Johnson, 
U.S. Geological Survey, unpub. program, 1986), a slight­
ly modified and compiled edition of the published version 
1 (Selner and others, 1986a). As digitizing proceeded, it 
was found that this extrapolation and interpretation was 
not required prior to digitizing. The synthesis of the field 
data was postponed until the data was input to GSMAP, 
as our skill and familiarity with GSMAP developed. We 
discovered that GSMAP and similar programs not only 
served as useful tools to help with the production of 
geologic maps, they were also useful in the synthesis of 
field data. 

GSMAP is written in the BASIC computer lan­
guage, which allows relatively novice users to modify the 
program. As the Port Moller project proceeded, I made 
a number of modifications to GSMAP to simplify use or 
to add capabilities necessary or desired (see table 1 ). 
Halfway though the digitizing of the Port Moller project 
map, version 3.0 of GSMAP (Selner and others, 1986b) 
was released. This version changed the data file format 
and necessitated the development of a conversion pro­
gram (Selner, unpub. program, 1986) to convert map 
data files from earlier versions of GSMAP. Whereas 

earlier versions of GSMAP stored data in rectangular 
coordinates, in version 3.0 they were stored in geographic 
coordinates (degrees). G.I. Selner also made available a 
program (GSM2ARC.BAS, unpub. program, 1986) to 
convert GSMAP data files to a format readable by 
ARC/INFO. Upon the development of GSM2ARC, I 
incorporated my modifications of version 2 of GSMAP 
into version 3.0, and transferred our existing data files. 

A draft geologic map for technical review (see fig. 
2) was produced with GSMAP, and the gross editing 
resulting from the technical reviews was completed prior 
to transfer to ARC/INFO. The map shown in figure 2 is 
an incomplete draft; a completed geologic map produced 
with GSMAP was published as map MF-1922 (du Bray 
and others, 1987). At the time for technical review of the 
Port Moller map, it was clear that GSMAP had signifi­
cant limitations. It had proved to be adequate to enter 
and do gross editing of the map, but fine editing, such as 
the shift of a portion of a line, was prone to error (see 
table 1). Some of these limitations can be shown on 
figure 2. At arrow 1, on the figure, is an example showing 
a solid line that was digitized slightly too long and 
overshot the end of the joining dashed line. To correct 
this in GSMAP, the entire line must be redigitized; in 
ARC/INFO the excess can be quickly clipped off. At 
arrows 2 and 3, lines end without enclosing areas. The 
line at arrow 2 is a contact, dividing different geologic 
units and therefore must be continued to a boundary to 
define the extent of both geologic units. Locating this 
type of small error is difficult onscreen in GSMAP, and 
many were found by hand coloring a plot of the map. In 
ARC/INFO, because of the creation of topology, the 
errors in closure and labeling for the entire map, or 
sections, are quickly shown onscreen by a single com­
mand. The line at arrow 3 is a fault; the rock unit on 
either side is the same and the map is correct in this case. 
As the geologic unit on each is the same, in ARC/INFO 
no label error would be generated, assuming the unit was 
only labeled once. Upon merging with the adjoining map 
sheet, it may be discovered that the contact at arrow 4 is 
not correctly continued across the boundary. Correction 
requires redigitizing on the individual map sheets and 
merging the maps again or plotting the new joined map 
and using it as a new digitizing base to redigitize the 
line(s). The Port Moller project required the merging of 
more than 40 individual map sheets, and error correction 
was tedious. Transfer of the digitized data to ARC/INFO 
simplified this process greatly because of its ability to edit 
line coordinates and move lines. 

Strengths and Limitations of GSMAP 

GSMAP was a major aid in the production of 
review copies of the Port Moller geologic map. The 
program's ability to allow easy digitizing of geologic data 
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Table 1. Characteristics and comparison of geologic map production programs, GSMAP and ARC/INFO 

Characteristic 

DATA ENTRY FORM: 
•Digitizer 

• File with coordinates 
•On screen 
• From keyboard 

Map output to plotter 

EDITING: 
•General ease of editing 

• Moving features: 
-Lines 
-Points and labels 
-Polygons (areas) 

• Easy identification of features to 
edit 

•Changing coding of features 

•Changing unit symbols or colors 

• Area calculations 

•Map projection changes 

LEARNING EASE: 

•Manuals 

• Flexibility 

APPLICABILITY TO GEOLOGIC 
MAPS: 

GSMAP 1 

Yes, with easy coding. 

Yes, indirectly. 
No. 
No. 

Hewlett-Packard HPGL-compatible 
plotters and printers only. 

Inconvenient, often only through convo­
luted path that includes redigitizing. 

Only through redigitizing. 
Only through redigitizing. 
Only through redigitizing of associated 

lines and polygon boundaries. 

Through plotter output or through hit-or­
miss search. 

Yes, once a single feature is identified, 
then it or all features with that "line" 
code can be changed. 

Text labels can be changed in text editor 
on separate file, colors changed in 
another text file. Colors are limited 
to 16 colors on-screen, dependent on 
display, no available patterns. 

Only in coded polygons and only for all 
polygons of that code. 

At plot time, all data stored in degrees. 

Good, though not always intuitive, hours 
of effort involved. 

Marginal, lacks examples and organiza­
tion. 

Moderate. 

Excellent, tailored 
to them. 

ARC/INFO 

Yes, though simultaneous entry of coding 

Yes. 
Yes. 
Yes. 

is complex. 

Calcomp pen and electrostatic color 
plotters, Bruning Zeta, Hewlett 
Packard-compatible, PostScript com­
patible printers, Scitex Laser Scan 
system. 

Fast and interactive, generally intuitive. 

Yes, interactively. 
Yes, interactively. 
Yes, automatic as bounding line is 

moved. 

Picked on screen with cursor, through 
search of data base for matching 
characteristics, or through plotter 
output. 

Yes, multiple means to change single or 
group coding interactively on-screen 
through data base, or with batch 
processing. 

Text labels can be changed in text editor 
on separate file, colors changed in 
another text file. Colors are 
dependent on output device, up to 
256 choices, many choices of 
patterns can be created in pattern 
editor. 

All polygons, inherent in creation of 
topology. 

At anytime, data stored in units of 
projection (degrees, meters, and so 
on). 

Poor, software is complex though 
experienced users can create a 
simple interface for others. Days to 
weeks of learning effort with 
training. 

Good, though many volumes and 
hundreds of pages. 

Overly so at times. 

Good to excellent, needs tailoring. 

1Modifications made by author to the program GSMAP to facilitate its use and reflected in above include: global search and 
replacement of the coding for lines, combination of the "delete line" and "recover line" routines into a single routine, support for on­
screen color and higher resolution graphics display adapters, various other enhancements to the graphical interface of the program, 
simplified procedures to start the program, control of the scrolling of listings so that the computer pauses upon filling the screen, elimi­
nation of the need for map projection files for most uses, simplification of the plotting process, changes to the file merging procedures, 
and file indexing. A number of these changes were incorporated in GSMAP, version 4 (Selner and Taylor, 1987). 
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on inexpensive computer hardware is an advantage. Once 
over a few learning hurdles, it is easy to learn to use and 
to be productive with the program. Its ability to change 
map projection and scale is extremely useful when com­
piling data from multiple sources at different scales and 
map projections. Finally, the availability of the source 
code in a simple and common programming language is 
a strength as it allows easy modification of the program 
by relatively inexperienced programmer users. 

GSMAP's strengths only partially offset its weak­
nesses. The inability to do onscreen editing, as discussed, 
and to display lettering or other symbology onscreen 
proved to be a real detriment to map composition. 
GSMAP's editing capability is limited to changing the 
parameters associated with a line, or deleting the entire 
line and redigitizing. Adjusting the coordinates for a line 
is not possible, which makes correction of digitizing 
errors, or evaluation of ''what if' scenarios, difficult. 

Though GSMAP has the capability to do pattern 
and solid fills (coloring) of areas on a map, the procedure 
is awkward on a complex map. It was found to be quicker 
and more accurate to plot draft copies of maps and color 

EXPLANATION 

-·-·- Glacier boundary 

- --··· Contact -- Dashed where approximately located; 
dotted where inferred 

.J._ .J.- • • · Fault -- Dashed where approximately located; 

dotted where inferred 
----- Shoreline 

Figure 2. Portion of draft geologic map produced in GSMAP. 
Copy was hand colored for technical review. Arrows show 
types of digitizing errors discussed in text. See figure 1 for 
location of map area. 

these by hand. Color or pattern fills in GSMAP require 
the complete redigitizing of boundaries of the areas to be 
filled. During the redigitizing process when the already 
digitized boundary of an area is not exactly followed, a 
sliver (fig. 3) is produced by mistaken inclusion or 
exclusion of an area to be colored. The potential for 
producing slivers or the undesired filling of nested areas 
is significant. The correction of these problems is com­
pounded by the inability to edit the line coordinates. 
Thus, redigitizing lines does not lessen the potential to 
suffer the same or similar problems again. The probabil­
ity for these types of errors increases with the complexity 
of area boundaries, such as irregular coastlines. If poly­
gons had been digitized for color fill, the boundaries of 
these closed polygons will overlie the boundaries of the 
polygons created from standard lines in GSMAP. If 
transferred to ARC/INFO, the overlap may create sliver 
polygons during creation of topology and will create 
duplicate lines. 

A third limitation of GSMAP is its inability to 
produce quality output to any device other than a 
Hewlett-Packard-compatible pen plotter. Plotting of an 
uncolored copy of the Port Moller AMRAP geologic 
map for editing required two and a half to three hours, 
far too long for the production of a quick draft for 
editing. By design, GSMAP makes it easiest to identify a 
feature for editing by plotting the map first in hard copy 
in a draft mode, which also plots the identifying numbers 
for features. This is a tedious process on a complex map. 
The same map requires only 15 to 30 seconds to display 
on a CRT screen, hence our desire to be able to do as 
much editing onscreen as possible. The Hewlett-Packard 
plotter is capable of producing inked output on mylar, 
which is adequate for the publication of black and white 
maps. For maps that are to be published in color, 
however, GSMAP cannot easily produce data files that 
include color coding for direct transfer to other 
computer-based production processes. 

Figure 3. Sliver polygons produced by digitizing errors. 
Small uncolored polygon created if second digitizing to fill 
polygon misses part of boundary. Small filled polygon cre­
ated if digitizing to fill polygon overshoots boundary. 
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TRANSFER TO ARC/INFO 

The Port Moller geologic data were transferred 
from GSMAP to ARC/INFO as individual1:63,360 map 
sheets. This kept the editing task to a manageable size for 
each section and maintained the data resolution neces­
sary to allow publication of selected sheets at this scale. A 
program (G.I. Selner, unpub. program, 1987; modified 
by F.H. Wilson) was used to convert GSMAP files to a 
format for ARC/INFO. The data are transferred in 
geographic coordinates (decimal seconds). An alterna­
tive program (Green and Selner, 1988) can be used on 
GSMAP version 5 data. Because ARC/INFO uses the 
distance between entities to determine the action of a 
number of functions, the coordinates must be changed to 
a rectangular system. For example, the number units 
defining the distance between two points varies with 
direction if geographic coordinates are used; it is a 
constant in a rectangular coordinate system. Upon trans­
fer, the geographic coordinates were converted to UTM 
meters, an initial topology established, and data bases 
that describe each arc and polygon created. These data 
bases contain information on the length of lines and the 
area of polygons, derived from the establishment of 
topology. Also added to these data bases is the geologic 
unit a polygon represents and whether a line is a fault, 
fold axis, or stratigraphic contact. 

Topology is important to establish because it joins 
line segments into polygons and therefore facilitates not 
only the coloring or shading of polygons but also the 
spatial analysis of data. Establishment of topology also 
facilitates nearest neighbor spatial analysis (F.H. Wilson, 
E.F. Binnian, and W.H. White, unpub. data, 1988). 

The newest version of GSMAP (version 5.0, Selner 
and Taylor, 1988) has modified the data file structure by 
addition of node files to facilitate the establishment of 
topology in programs like ARC/INFO. However, the 
changes to GSMAP result in loss of efficiency and speed 
in running GSMAP. Also, if significant editing of the map 
file or if multiple maps have been merged in GSMAP, 
the node files are of little value. 

USE OF ARC/INFO 

Editing and Conversion 

Once the Port Moller data were in ARC/INFO, 
editing was necessary to assist in the correct establish­
ment of topology. GSMAP does not require that lines 
(arcs to ARC/INFO) meet exactly or that areas of 
uniform geology be closed polygons. As a result, upon 
transfer to ARC/INFO, a number of lines did not close 
polygons as they should. The editing process for the maps 
required the addition of polygon labels and the moving of 

nodes to be certain that all polygons closed. This was 
done in an iterative process until all topologic errors were 
resolved. Polygon labels can be digitized and transferred 
from GSMAP. Alternatively, ARC/INFO can automati­
cally create the labels, however, the topology must be 
correctly established, with no sliver polygons and un­
closed polygons. The choice to add labels interactively 
was a primitive, but effective solution that caught errors 
resulting from sliver and unclosed polygons. 

After all maps were topologically structured and all 
arc and polygon attributes added, merging of the digital 
1:63,360 map sheets into a single map was started. A 
series of arcs bounding each map sheet, equivalent to a 
neat line, had a unique arc attribute and was easily 
removed after joining sheets. Simple manual editing 
removed extra polygon labels and joined continuous arcs 
across the quadrangle boundaries. A few boundary prob­
lems, commonly known as quadrangle faults, were dis­
covered in the process and were resolved at this time. A 
more subtle type of error occurred where an arc attribute 
changed across a quadrangle boundary, for example from 
a fault to a stratigraphic contact. Some of these problems 
resulted from digitizing errors, some were compilation 
errors, and others reflected the geologic uncertainty 
inherent in a regional mapping project. ARC/INFO has 
an automated procedure to aid in the process of joining 
adjacent maps; however, to function correctly, it requires 
that polygon and arc coordinates and attributes match 
across the boundaries. This was not possible with our 
data. 

Digitizing in ARC/INFO 

Following the Port Moller project, we used 
ARC/INFO to digitize the Mount Katmai AMRAP 
geologic map (Riehle and others, 1987). Several impor­
tant differences between GSMAP and ARC/INFO were 
noted, and we found GSMAP to be preferable for the 
initial digitizing of geologic maps. The most important 
difference was that the type of line being digitized is 
required input during digitizing using GSMAP, whereas 
this information is added after digitizing and creation of 
topology in ARC/INFO. Thus, a boundary, such as a 
coastline, digitized in GSMAP as a single line, can yield 
multiple lines in ARC/INFO. During the creation of 
topology, ARC/INFO splits arcs at each intersection, 
each having a unique identifier and needing individual 
attribute coding. It is a daunting task to locate and code 
all of these arcs on a complex map. However, once initial 
digitizing is complete, transfer of the data to ARC/INFO 
facilitates editing. A collection of programs to facilitate 
the digitizing and coding process in AR C!INFO is being 
developed by T.T. Fitzgibbon (USGS, oral commun., 
1989). 
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Strengths and Limitations of ARC/INFO for 
Geologic Maps 

Comparison of GSMAP and ARC/INFO (table 1) 
showed that for many purposes, ARC/INFO has a stron­
ger AM capability than GSMAP. It was this stronger AM 
capability, in combination with ARC/INFO's analysis 
capability, that led us to change to it for the production 
and compilation of the Port Moller geologic map. In 
addition, ARC/INFO's analysis capability strongly en­
hances the analysis of spatial data and, in particular, 
facilitates the "what if' investigation of scenarios with 
spatially located data. The analytical capability of 
ARC/INFO allows the combination of multiple and 
varied types of data, which is desirable in a multidisci­
plinary project. 

Among the improved AM features of ARC/INFO 
(see table 1) are onscreen display and editing of lines, 
points, areas (polygons), and lettering. Selection of the 
area of the map to be viewed, or window, is much more 
flexible, and a plotter is not as necessary to use or edit 
data. ARC/INFO also has the ability to produce output 
on Scitex-compatible tapes for publication. Alternatively, 
it can produce color separations for photographic sys­
tems of publication. Finally, ARC/INFO, long­
established and well-tested software with a large support 
staff, is more stable than the rapidly evolving and chang­
ing GSMAP. 

Cartographic aspects of map composition can be 
easily controlled in the ARCPLOT module of ARC/IN­
FO. Selection of typeface, placement, and size for letter­
ing is interactive and visible on screen. Map legends can 
be created automatically, though changes of type font, 
such as the use of italics for fossil names within running 
text, is difficult. Colors and patterns are limited only by 
the output or display device, of which many types are 
supported. Selection of the window to edit, view, or plot 
of a map is simple, and zooming in on portions of the 
selected window for detailed editing is extremely rapid. It 
is expected that each of these features will be of signifi­
cant help in the final production of the Port Moller map. 

The lack of a prepared symbology for geologic 
maps is one weakness of ARC/INFO. The user must 
develop the patterns to be used for particular specialized 
line types, such as thrust faults, fold axes, and attitude 
symbols. A standard set of patterns for special geologic 
symbology are being created (S.J. Moll, written com­
mun., USGS EROS Data Center, 1988). In addition to 
developing geologic line symbology, techniques to digi­
tize and plot correctly rotated attitudes must be devel­
oped by the user. A technique is under development by 
R.W. Lietzow (oral commun., USGS EROS Data Cen­
ter, 1988) to allow digitizing the end points of an attitude 
symbol and then calculate the strike and add it to the map 
data base; this technique will also allow input of the dip 
at the same time. Attitude data for the Port Moller area 

already existed in a data base with location and strike and 
dip, and therefore the digitizing phase did not present a 
problem; adding these data to the map data base was 
simple. It should be noted that the problem of digitizing 
attitudes exists for GSMAP; however, that program has 
very simple and effective procedures for plotting the 
attitudes once digitized. 

In comparison to GSMAP, a significant consider­
ation is that AR C!INFO is a commercial package and has 
an acquisition cost. ARC/INFO is primarily a minicom­
puter program but also has been released in a microcom­
puter version. 

CONCLUSIONS: THINGS LEARNED FROM 
THE PROCESS 

ARC/INFO makes available a rich variety of edit­
ing and analysis capabilities compared to GSMAP. 
Unfortunately, these capabilities add a level of complex­
ity that make it difficult for the part-time user to even 
realize the range of choices available. Whereas GSMAP 
was developed strictly for the digitizing and publication 
of geologic maps, ARC/INFO is a multipurpose GIS 
system with extended map editing functions, an attached 
data base, and powerful analytical tools. GSMAP can be 
used with a few hours training, and any particular version 
can be mastered in a short time. Mastery of ARC/INFO 
is long-term process; ARC/INFO can be overwhelming 
to the novice without training and technical support for 
custom programming. Yet despite this, ARC/INFO is so 
potentially useful in map editing, compilation, and anal­
ysis that some effort is warranted to learn its use. A 
preliminary version of more user-supportive interface for 
AR C!INFO that greatly simplifies its use has been devel­
oped by T.T. Fitzgibbon and C.M. Wentworth (oral and 
written commun., 1988, 198.9). 

Meeting our goal of rapidly preparing a geologic 
map for review and publication was more complex than 
anticipated because we were one of the first to use the 
described systems for this purpose. GSMAP was a new 
and untried tool, and ARC/INFO was an unfamiliar tool. 
However, because of the development that has been 
done on both, this goal can now be met by the systems 
used in the Port Moller project. Both systems accelerate 
the drafting and revision part of map preparation. They 
also enhance the compilation phase with simple scale 
change capabilities and onscreen display. These systems 
do not, however, eliminate the need for critical examina­
tion of the data, nor do they shorten the time it takes for 
authors, reviewers, and editors to critically examine the 
product to create a quality geologic map. 

Possibly the most important long-term gain from 
the transfer of our geologic data from GSMAP to 
AR C!INFO is the analytical capability gained by having 
information in a spatial data base. Fossil locality data, 
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geochemical analyses, geophysical data, and other types 
of spatially coded data transferred into ARC/INFO allow 
rapid comparison and combination of disparate data 
types. Fossil determinations can be compared with geo­
logic map units to point out areas of conflict, either from 
incorrect fossil locations, suspect determinations, or er­
rors in the geologic map. Geochemical data can be 
retroactively coded for geologic unit and data selected for 
statistical analyses from single or related units. Drainage 
basins can be analyzed to yield the proportion of each 
geologic unit in the basin, and using statistical data on 
background concentrations of elements, the contribution 
of each rock unit can be estimated. Each of these, and 
other possibilities, enhance the geological scientist's abil­
ity to develop answers to questions of interest that were 
previously difficult or impossible to obtain. 

It is reasonable to ask the question, was the process 
worthwhile? Was all the effort expended digitizing the 
Port Moller map a savings over a traditional, manually 
drafted and produced map? Those questions are an­
swered on two levels. If the goal is to simply produce a 
geologic map, the answer must be a qualified yes. The 
easy scale change capability and the elimination of some 
types of errors with the onscreen editing that is possible, 
even that available with GSMAP, greatly facilitate map 
compilation. However, it is not certain that once the 
above part of the map production process is complete, 
that hand redrafting of computer-produced copy might 
not be a faster route to a finished map. If the goal, 
however, is to produce a publishable map and also use 
and analyze the digital geologic data in other ways, then 
the answer is an unqualified yes. 
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Petrographic and Chemical Description of the 
Variably Deformed Speel River Pluton, 
South of Juneau, Southeastern Alaska 

By James L. Drinkwater, David A. Brew, and Arthur B. Ford 

Abstract 

The Speel River pluton, south of Juneau, Alaska, is a 
synkinematically emplaced sill of Paleocene age. It is part of 
the tonalite sill belt of Late Cretaceous to early Tertiary age 
that extends more than 700 km in the western part of the 
Coast plutonic-metamorphic complex of southeastern Alas­
ka. The main part of the pluton is medium- to coarse­
grained, well-foliated, sphene-bearing biotite-hornblende to­
nalite. Composition and texture vary, particularly toward the 
lower margin, which consists of more highly foliated and 
sphene-rich hornblende-biotite quartz diorite, and toward the 
upper margin of sphene-biotite-hornblende quartz monzo­
diorite and quartz diorite. 

The calc-alkaline pluton is chemically similar to other 
plutons in the sill belt, although silica-variation diagrams 
show some contrast. Decreasing MgO and FeO* with in­
creasing Si02 are the most distinctive variations over the 59 
to 66 percent Si02 range of the pluton. Rare-earth-element 
(REE) patterns show light-REE enrichment and increased 
light/heavy REE fractionation with Si02 content and are 
generally similar to other sill belt plutons. Tightly grouped 
REE patterns and the generally homogeneous modal, min­
eralogic, and major-element compositions indicate that the 
pluton crystallized as a single cooling unit from an evolved 
magma of restricted compositional range. This pattern ap­
pears to be typical of the plutons in the sill belt. 

INTRODUCTION 

The Speel River pluton is a 6- to 7-kilometer-wide 
tonalitic sill that extends from just south of Taku Inlet 
southward to beyond Endicott Arm (fig. 1). The pluton 
was mapped and informally named the Speel River 
pluton by Brew and Ford (1986), who correlated it with 
plutons in the Coast complex sill belt (Brew and Morrell, 
1983) that are now collectively known as the great 
tonalite sill (Brew, 1988). Miller (1962) examined part of 
the pluton around Crater and Long lakes and referred to 
it as a quartz diorite intrusion. Brew and Grybeck (1984) 
referred to Miller's localities and those farther to the 
south as the Speel River-Fords Terror pluton. 

The great tonalite sill (fig. 1) is a long and narrow 
northwest-southeast-trending belt of eastward dipping 
orthogneiss sheets of Late Cretaceous to early Tertiary 
age. The belt forms the western part of the central zone 
of the informally named Coast plutonic-metamorphic 
complex (Brew and Ford, 1984a and b) for over 700 
kilometers in southeastern Alaska (Brew, 1988; Brew 
and Ford, 1981, 1984b; Brew and Grybeck, 1984; Brew 
and Morrell, 1983). Foliation in these concordant plutons 
parallels the northwest trend of the regional metamor­
phic fabric of their country rocks, as well as the intrusive 
contacts. The sill belt represents intrusion either near a 
major suture between tectonostratigraphic terranes 
(Brew and Ford, 1981; Monger and others, 1982) or 
between the two sides of a closed-up within-plate rift 
(Brew and Ford, 1983). The Coast Range megalinea­
ment (Brew and Ford, 1978) is generally within a few 
kilometers of the southwest side of the great tonalite sill. 
The megalineament is a large, regional structural­
topographic feature that, at depth, probably is the bound­
ary between the dominant granitic terrane to the east and 
the metamorphic terrane to the west. 

This report describes the petrographic and chemi­
cal characteristics of the northern part of the Speel River 
pluton, as far south as Whiting River (fig. 2). The data 
bear on the petrogenesis and emplacement history of the 
pluton, and to a lesser extent, on the metamorphic 
character of the pluton and its country rocks. The Speel 
River pluton is representative of other bodies in the sill 
belt in composition, chemistry, and age and in recording 
varying degrees of deformation and metamorphism. Be­
cause of this, the data also bear on the character and 
origin of the tonalite sill as a whole. 

DESCRIPTION OF THE SPEEL RIVER PLUTON 

The Speel River pluton separates greenschist- and 
amphibolite-grade schist of Mesozoic to early Tertiary 
metamorphic age, on the west, from migmatitic and 
nonmigmatitic gneiss of similar age and granitic rocks of 
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Eocene age to the east (fig. 2). It has fairly sharp contacts 
with some small apophyses and digitations. The foliation 
in the pluton is defined by aligned mafic-mineral grains 
and by local crude compositional layering; the folia 
parallel that in the northwest-striking and northeast­
dipping metamorphic country rock. The hornblende is 
typically aligned within folia marked by abundant horn­
blende and biotite. The lineations in the pluton are 
defined by poorly to well aligned hornblende grains that 
parallel mineral lineations in the adjacent country rock. 

0 
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100 KILOMETERS 

The origin of the strong directional fabric of the 
Speel River and other plutons of the sill belt is attributed 
by Brew and Ford (1981) and Brew and others (1989) to 
synkinematic emplacement during a later phase of a 
major deformational-metamorphic event. This strong 
fabric is absent in some central parts of the pluton. In 
those parts, a conspicuous magmatic flow foliation varies 
locally in strike but is generally consistent with the 
attitude of the strong deformational fabric. These same 
parts contain synplutonic dikes that show varying degrees 
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[f[tJQ Speel River pluton 

1\\{(j Great tonalite sill 

Figure 1. Index map showing locations of Speel River pluton and great tonalite sill in relation to southeastern Alaska. 
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of disruption, separation, and attenuation ranging from 
coherent bodies to separated inclusions. A few uncle­
formed pockets of rounded mafic inclusions are also 
present. These original magmatic features indicate that 
the strong fabric was not imposed everywhere during 
emplacement of the pluton. 

The main body of the Speel River pluton is 
medium- to coarse-grained equigranular tonalite (fig. 3) 
in which hornblende is generally more abundant than 
biotite. Modes of 20 samples distributed widely through 
the pluton were determined by point-counting rock slabs 
stained forK-feldspar and plagioclase using the method 
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of Norman (1974). Color index ranges from 10 to 36 and 
averages 22. 

Composition and texture vary locally in the pluton, 
especially near its intrusive margins, where quartz­
feldspar ratios generally decrease (fig. 3). Mafic-mineral 
content in main-phase rocks increases across the pluton 
from 10 to 22 percent in the northeastern half to 22 to 36 
percent in the southwestern half. Border-phase rocks are 
generally finer grained and contain more sphene than 
main-phase tonalite. Rocks of the more intensely 
deformed and metamorphosed lower border zone are 
strongly foliated to gneissic, locally porphyroblastic, 
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EXPLANATION 

Tgd Massive granodiorite and granite (Tertiary) TKs Schist (early Tertiary and Cretaceous) 

TKgd Heterogeneous foliated granodiorite (early Kgd Foliated granodiorite (Cretaceous) 
Tertiary and Cretaceous) ----- Contact-Dashed where approximately 

TKto Foliated tonalite (early Tertiary and located 
Cretaceous) 1 • Sample locality-Number refers to table 1 

TKmg Migmatitic gneiss (early Tertiary and 
Cretaceous) 

Figure 2. Generalized geologic map of area around northern part of Speel River pluton. Location of chemically 
analyzed samples shown by numbered dots. See figure 1 for location of area. 
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sphene-bearing hornblende-biotite quartz diorite. Less 
deformed rocks of the upper border phase are weakly 
foliated, porphyritic to seriate, sphene-bearing biotite­
hornblende quartz monzodiorite or quartz diorite. 

Swarms of mafic inclusions are locally common, 
and elongate inclusions and schlieren in the border phase 
are aligned parallel to intrusive contacts and regional 
foliation. Leucocratic fine- to medium-grained granodi­
orite occurs as sill-like segregations in the pluton. Uncle­
formed felsic dikes are common and range in composi­
tion from granite to quartz monzodiorite (fig. 3). Mafic 
dikes are less abundant and are disrupted. 

Petrography 

The major minerals of the Speel River pluton are 
plagioclase, hornblende, quartz, biotite, and K-feldspar. 
Plagioclase forms 54 to 70 percent of most samples and 
occurs as subhedral, subequant to augen-shaped grains 
that exhibit weak to moderately strong multiple normal 
or oscillatory normal zoning of magmatic origin. Plagio­
clase composition, as determined optically by the Michel­
Levy method, ranges from An31 to An45 and averages 
An40 • Secondary sericite and epidote group minerals 
occur along cracks and cleavages and as patches in 
plagioclase. Apatite, zircon, and magnetite are uncom­
mon inclusions in the plagioclase. 

X 

Quartz makes up 14 to 30 percent of most samples; 
it occurs chiefly as interstitial strained aggregates and as 
medium-grained anhedral subequant to elongate and 
stretched grains. In more deformed rocks, it occurs as 
mosaics of strained and unstrained interlocking sub­
grains with rare polygonal development. 

K-feldspar is a minor component (less than 8 
percent) of most samples and occurs as fine-grained 
interstitial grains and less commonly as coarser poikilitic 
grains. It is generally microperthitic and strained. 

Hornblende, biotite, and minor opaque minerals 
form 10 to 36 percent of the samples. Hornblende is 
subhedral, generally fresh to partly altered (to epidote 
and opaque minerals), typically embayed and partly 
resorbed; commonly contains inclusions of apatite, zir­
con, and magnetite; and is pleochroic light brown to 
brownish green to green. Brown to reddish-brown 
pleochroic biotite occurs as platy and lamellar grains, 
which are partly altered to chlorite, sphene, opaques, and 
prehnite. Inclusions of apatite and zircon are common in 
biotite. Secondary epidote occurs mostly as granular 
aggregates in hornblende and plagioclase, although it 
occurs with subhedral form within hornblende in some 
sections. Prehnite typically forms pods of sheaflike aggre­
gates in biotite. Sphene, apatite, and zircon are common 
accessory minerals. Sphene occurs as euhedral to sub­
hedral typically embayed or skeletal flow-aligned grains. 

Quartz 
monzonite 

Alkali 
feldspar 

Monzonite 

EXPLANATION 

• Main-phase rocks 

o Border-phase rocks 

X Dike rocks 

o Felsic sill layer 

Diorite 

Plagioclase 
feldspar 

Figure 3. Modal composition of rocks from Speel River pluton plotted on Streckeisen's (1973) 
plutonic rock classification diagram. 
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Table 1. Major-element chemistry (normalized to 100 percent volatile free) for representative samples 
from the Speel River pluton 

[Major elements analyzed by XRF, Lakewood, Colo.; analysts: R.V. Mendes, A.J. Bartel, K. Stewart, J. Taggart, and D. 
Siems. FeO analyzed by rock analysis, Menlo Park, Calif.; analyst: S. MacPherson; and Lakewood, Colo.; analyst: E. 
Brandt] 

Sample 85E1 85DB 85DB 82DB 85E1 82SK 87JS 87SK 87SK 87SK 
No. 1 061a 105a 108a 382a 109a 401a 011a 043a 044a 052a 

Map No. 2 3 4 5 6 7 8 9 10 

Whole rock analyses (weight percent oxide) 

Si02 58.75 63.08 61.01 60.50 60.19 62.79 60.33 65.75 63.21 64.64 
Al20 3 17.92 17.69 16.43 17.92 18.52 17.65 18.52 17.63 17.80 17.25 
Fe20

3 2.06 2.13 1.95 2.04 2.15 1.69 2.29 1.29 2.19 1.64 
FeO 4.41 2.81 4.41 4.06 3.37 3.56 3.33 2.15 2.75 2.68 
MgO 3.15 2.16 3.55 2.88 2.52 2.44 2.53 1.48 2.00 1.93 
CaO 7.46 5.78 6.19 5.98 7.23 5 . .48 7.19 6.06 6.20 5.70 
Na20 3.63 3.80 3.00 3.53 3.80 3.52 3.87 3.92 3.71 3.67 
K20 1.41 1.68 2.44 1.95 1.13 1.88 .97 1.02 1.35 1.66 
Ti02 .73 .57 .74 .79 .59 .69 .59 .42 .47 .51 
P205 .37 .21 .18 .24 .40 .21 .28 .23 .25 .23 
MnO .12 .08 .11 .10 .10 .09 .10 .06 .09 .07 
LOF .58 .57 1.16 .61 .66 .90 .36 .30 .40 .45 

CIPW Norms 

Quartz 11.51 18.57 14.86 14.13 14.72 18.46 1'4.93 23.68 20.03 21.41 
Corundum .38 
Orthoclase 8.30 9.92 14.41 11.49 6.66 11.09 5.74 6.05 7.83 9.84 
Albite 30.67 32.16 25.38 29.90 32.11 29.78 32.72 33.17 31,41 31.08 
Anorthite 28.48 26.25 24.15 27.30 30.17 25.78 30.32 27.48 28.00 25.67 
Diopside 5.03 .85 4.37 .62 2.48 2.83 .86 .90 .90 
Hypersthene 10.79 7.59 12.19 11.53 8.68 10.26 8.37 5.57 7.20 7.22 
Magnetite 2.98 3.09 2.83 2.95 3.12 2.46 3.32 1.87 3.17 2.38 
Ilmenite 1.39 1.08 1.40 1.51 1.13 1.31 1.12 .79 .88 .96 
Apatite .85 .49 .43 .57 .93 .49 .66 .54 .59 .54 

Sum 100 100 100 100 100 100 100 100 100 100 

185E1061a, 82DB382a, 82SK401a, 87SK052 and -044 are sphene-bearing biotite-hornblende tonalites; 
5El109a, 85DB105a, and 87JS011a are biotite-hornblende tonalites; 87SK043a is sphene-bearing horn­
blende-biotite tonalite; 85DB 1 08a is sphene-bearing hornblende-biotite granodiorite. 

2LOI = H20 and C02 (loss on ignition). 

Apatite occurs as tiny euhedral inclusions in other min­
erals and as coarser subhedral discrete grains clustered 
with mafic minerals. 

Microscopic evidence for directed stress includes 
strained extinction in quartz, plagioclase, and K-feldspar; 
bent and kinked cleavage in biotite; disrupted twin lamel­
lae in plagioclase; partial gradational disappearance of 
twin lamellae and zoning in plagioclase; and granulation 
of quartz. Clear and unstrained overgrowths on plagio­
clase may be of posttectonic origin. 

Chemistry 

Major-element chemical data for the Speel River 
pluton are summarized in table 1. The calc-alkalic com­
position of the pluton is indicated by the quartz and 

diopside normative composition (table 1 ), variations on 
the AFM plot (fig. 4 ), and an alkali-lime index of less 
than 1 (.67 to .99). Al20 3/(CaO±Na20±K20) values of 
less than 1 (.85 to .99) indicate a metaluminous compo­
sition according to Shand's (1947) classification. All but 
one sample plot in the tonalite field of Barker's (1979) 
ternary diagram of normative feldspar composition (fig. 
5). 

Major-element oxide compositions of 10 samples 
distributed through the main body of the Speel River 
pluton (table 1) are plotted on variation diagrams (fig. 6) 
and an AFM diagram (fig. 4). The fairly coherent but 
slightly scattered distribution are generally similar to 
those plots of rocks from other great tonalite sill bodies 
(Brew, 1988). However, the K2 0 and Ti02 versus Si02 

plots of the Speel River pluton show more scatter and 
irregularity than comparable plots for other tonalite sills 
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(Brew, 1988), and the Al20 3 and CaO versus Si02 plots 
are flatter in the Speel River pluton. These differences 
may be due to the more restrictive Si02 range (59 to 66 
percent) for rocks from the Speel River pluton. In that 
narrow range, K20 actually decreases slightly with 
increased Si02 , and this pattern is also present for the 
same range in K20-Si02 plots of other tonalite sill rocks 
(Brew, 1988). The linear trends of decreasing MgO and 

F 

Tholeiitic 

Calc-alkaline 
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Figure 4. Ternary AFM diagram with boundary fields from 
Irvine and Baragar (1971) showing samples from Speel River 
pluton (solid dots). A is Na2 0+ K20, F is total iron calculated 
from FeO, and M is MgO. 
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Trondhjemite 

An 

Ab~--------~------------------------~or 

Figure 5. Ternary diagram of normative orthoclase (Or)­
anorthite (An)-albite (Ab) composition for rocks from Speel 
River pluton. Boundary fields from Barker (1979). 

FeO* with increasing Si02 are the most distinctive major 
oxide variations for the Speel River pluton. 

Rare-earth-element (REE) patterns of chondrite­
normalized abundances for the Speel River pluton (fig. 
7) are similar to those from sill rocks of the Petersburg 
area (Brew, 1988). Light rare-earth elements are highly 
enriched (La 65-110 times chrondrites) compared to 
heavy rare-earth elements (Lu 5-8 times chrondrites ), 
and a crossover pattern occurs between light and heavy 
REE, with the most silicic tonalite showing the largest 
light/heavy fractionation. This pattern of progressive 
decrease in REE with increasing silica is also evident for 
other tonalite sill rocks (Brew, 1988). One sample, 
collected from the northern border of the pluton, has a 
conspicuous Gd anomaly of uncertain origin. The anom­
aly in that sample (85DB108a) could reflect analytical 
error, but it may reflect assimilation of wallrock since the 
sample is K20- and MgO-rich and P 20s-depleted rela­
tive to the other samples (table 1). 

No chemical analyses are available from border­
phase rocks, but petrographic evidence indicates that 
significant variations are present. Compared with the 
main body of the pluton, the lower border-phase rocks 
have lower quartz and K-feldspar content and higher 
mafic mineral abundance, whereas upper border rocks 
contain more K-feldspar and less quartz. 

AGE AND GEOBAROMETRY 

Discordant K-Ar ages of 59.0±2 Ma (hornblende) 
and 49.6±2 Ma (biotite) were determined for the Speel 
River pluton (table 2). The hornblende age is compatible 
with the Late Cretaceous to early Paleocene age inferred 
for other plutons in the sill belt (Brew, 1988; Gehrels and 
others, 1984; Brew and Grybeck, 1984). The younger 
biotite age is probably a reset metamorphic or uplift age. 
A K-Ar hornblende age of 62 Ma was reported by Brew 
and Ford (1987) for the Speel River-Fords Terror pluton 
to the south. 

The Speel River pluton probably crystallized at 
intermediate pressure, based on the geobarometric pres­
sure of 4.7 kbar determined by Hollister and others 
(1987) on hornblende from the pluton's southern contin­
uation near Tracy Arm, beyond the study area . 

DISCUSSION 

The descriptive data presented above provide the 
basis for further studies and interpretation and also 
indicate where further sampling and petrographic studies 
are needed. In particular, samples from the upper and 
lower border zones are needed to establish their miner­
alogical and chemical compositional relations to the main 
body. As presently interpreted (Brew and others, 1989), 
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the deformed quartz diorite of the lower border, the 
well-foliated tonalitic main body, and the weakly foliated 
upper border reflect the effects of dynamothermal meta­
morphism and deformation during synkinematic 
emplacement of the pluton. Chemical and petrographic 
features along the margins may instead have resulted 
from contamination by assimilated country rock. In the 
upper part of the pluton, reaction between the margin 
and adjacent granitic gneiss wallrock and inclusions may 
explain the local enrichment of K-feldspar and sphene. 
Assimilation of mafic schist adjacent to the lower margin 
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of the pluton may likewise account for local enrichment 
of mafic minerals and depletion of quartz-potash feldspar 
in rocks of the lower border zone. More subtle chemical 
variations, such as the northward increase along strike in 
MgO and total FeO, may reflect original compositional 
change in the parental magma. 

Since differentiation processes increase REE con­
centrations (Cox and others, 1979), the REE patterns 
and abundances (fig. 7) and linear trends of variation 
diagrams (figs. 4 and 6) suggest that the Speel River 
pluton was derived from a highly evolved magma 
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Figure 6. Major-element oxides versus Si02 variation diagrams for rocks from Speel River pluton. 
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Table 2. Potassium-argon ages and analytical data for the Speel River pluton, 
south of Juneau, Alaska 

[Potassium-argon analysis and age determinations performed at U.S. Geological Sutvey 
laboratories, Menlo Park, Calif.] 

Mineral K
2
0 40Ar 

rad 
40Ar 

rad Calculated age Sample 

No. (wt. pet) 10-9/mol/g (percent) (Ma) 

74DB426a 
Do. 

Biotite 
Hornblende 

8.043 5.967 0.88 49.6±2 

100 

UJ 
u 
z 
<t:_ 
OUJ 
zr­
::JO: 
mo 
<t:Z 
UJO 
t9I 
<t:~ 
a:~ 
UJU 
>0 
<t:CX: 
0~ 
UJo 
~I _Js: 
<t:_ 
~ 10 a: 
0 
z 

1.049 .9294 .62 59.0±2 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

RARE-EARTH ELEMENTS 

Figure 7. Chondrite-normalized rare-earth-element (REE) plot of representative samples 
from Speel River pluton. Line symbols: box (8508 1 05a) is magnetite-bearing biotite­
hornblende tonalite with C.l. of 20; plus sign (85EL 1 09a) is magnetite bearing biotite­
hornblende tonalite with C.l. of 25; open circle (85EL061a) is magnetite-bearing 
sphene-biotite-hornblende tonalite with C.l. of 16; and inverted triangle (85DB108a) is 
hornblende-biotite granodiorite with C.l. of 13. Numbers indicate Si02 content in weight 
percent. 

(Wilcox, 1979). Evidence of postemplacement differen­
tiation is lacking. The generally homogeneous, equigran­
ular, and relatively coarse grained texture of the pluton 
indicates that it solidified slowly as a single cooling unit. 
The locally strong penetrative fabric formed late in the 
emplacement and solidification sequence during regional 
deformation and metamorphism (Brew and others, 
1989) and is superposed on weakly developed local flow 
foliation. 

Other segments of the great tonalite sill in south­
eastern Alaska are similar in appearance to the Speel 
River pluton in texture, lithology, and chemistry (Brew, 

1988; Brew and Grybeck, 1984; Brew and Ford, 1984b ). 
Some, however, are smaller in size, are more deformed 
and metamorphosed, and contain much more K-feldspar 
and more abundant granodiorite (Brew and Grybeck, 
1984; Ford and Brew, 1981 ). 
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Epigenetic Hydrothermal Origin of the 
Groundhog Basin-Glacier Basin Silver-Tin-Lead-Zinc 
Deposits, Southeastern Alaska 

By Rainer J. Newberry and David A. Brew 

Abstract 

The Groundhog Basin-Glacier Basin area contains strat­
iform and vein deposits of silver-, tin-, lead-, and zinc-bearing 
sulfides near a stock of altered Miocene granite porphyry. 
The deposits are exposed for more than 4 km along strike 
and contain disseminated, laminated, and massive sulfide 
minerals. The ores are largely massive pyrrhotite, sphalerite, 
and galena, with lesser pyrite, arsenopyrite, chalcopyrite, 
and cassiterite. The ores were originally interpreted as epi­
genetic replacement deposits, but more recently have been 
interpreted as volcanogenic massive sulfide or as metamor­
phosed ores of uncertain origin. Textural, compositional, and 
zonation characteristics of the ores, together with "tin granite" 
type alteration and mineralization of the Miocene granite, 
indicate that the original replacement interpretation was 
correct. 

Previous workers estimated that the Groundhog Basin 
massive sulfide deposits contain "several hundred thousand" 
tonnes of identified resources with 8 percent zinc, 1.5 percent 
lead, and 1.5 oz/t silver and that the disseminated sulfide 
deposits there contain "several hundred thousand" tonnes of 
identified resources with 2.5 percent zinc and 1 percent lead. 
The Glacier Basin disseminated sulfide deposits were esti­
mated to contain "many hundred thousand" tonnes of iden­
tified resources with 1.6 percent zinc and 0.1 percent lead, 
and the quartz-fluorite veins there were estimated to contain 
"several million" tonnes of identified resources with 0.14 
percent zinc and 0.09 percent lead. We estimate that at 
Groundhog Basin at least 1 million tonnes of undiscovered 
resources containing 0.8 percent tin are also present. The 
lead and zinc resources are subeconomic and additional 
exploration is required to determine if the tin resource is 
economic or subeconomic. 

INTRODUCTION 

The Groundhog Basin-Glacier Basin area contains 
disseminated, laminated, and massive sulfide mineraliza­
tion in both well-defined ore beds and veins near an 
altered Miocene tin granite porphyry stock. Previous 
workers have interpreted the ores as (1) epigenetic 
replacements related to the granites (Gault and others, 

1953), (2) volcanogenic deposits, with some granite­
remobilized veins (Grybeck and others, 1984; Berg, 
1984), or (3) metamorphosed ores of uncertain origin 
(Nokleberg and others, 1987). The area has also been 
drilled as a porphyry molybdenum prospect, but no 
significant molybdenum deposit has been found. Our 
purpose was to reexamine the evidence for the origin of 
this mineralization in order to better evaluate the mineral 
resources. We agree with the epigenetic interpretation of 
Gault and others (1953) and suggest that likely analogs to 
the Groundhog Basin deposits are the carbonate-hosted, 
massive pyrrhotite-cassiterite replacement bodies at 
Renison Bell, Mount Bischoff, and Mount Cleveland, 
Tasmania, and Kochiu, southern China (Laznicka, 1985). 
This is a preliminary report and therefore does not 
include a complete array of supporting chemical data and 
sample descriptions. 

We wish to acknowledge the previous work by 
AMAX geologists Robert P. Morrell, Ken Fink (de­
ceased), Joe Meigs, and Ted Schassberger; their unpub­
lished work provided important background for this 
study. Morrell's providing us specimens for examination 
led directly to our study. We also thank Ken Eichner for 
providing access to unpublished company reports. 

GEOLOGY OF THE DEPOSITS 

The Groundhog Basin-Glacier Basin area deposits 
occur in a well-layered sequence of garnet­
biotite-quartz-feldspar schist and gneiss that includes 
minor amounts of marble in 0.5- to 1.0-m-thick layers 
(fig. 1; Gault and others, 1953). This unit is the biotite 
schist unit of Brew and others (1984). Immediately to the 
west of the schist (fig. 1) is a slightly metamorphosed and 
deformed 90- to 95-Ma tonalite, quartz diorite, and 
granodiorite pluton (fig. 1; Brew and others, 1984; Hunt, 
1986; Hunt and Brew, 1986) that is similar to plutons 
described from elsewhere in the Petersburg region by 
Burrell (1984a,b,c). The 62-Ma foliated tonalite sill, 

Epigenetic Hydrothermal Origin of the Groundhog Basin-Glacier Basin Silver-Tin-Lead-Zinc Deposits 113 



132° 04' 

I I 

~ 

/. I 

AREA OF MAP 
I\ ~/ 

0 

l 
( \ 

' \ bs \ 
\ } . (' 

\ \Mt·· L., 
Waters 

I 

D 
D 
[] 

w 
~ 
lJ 
~ 
[Z] 

EXPLANATION 

Glacier and permanent 
snowfield (Holocene) 

Alluvium (Quaternary) 

Massive sulfide ± pyroxene 
skarn (Miocene) 

Zinnwaldite-bearing granite 
(Miocene) 

Rhyolite (Miocene) 

Tonalite (Cretaceous) 

Biotite schist (Tertiary 
to Cretaceous) 

Marble (Tertiary to 
Cretaceous) 

Rock-unit 
/ contact 

/ Strike and dip 
~ of foliation 

® 

Glacial contact 

Sample for microprobe 
analysis 

~ so \. r-. \ bs 
\ ~~ \ 
., 0<9.,.. \ 

·"·, \~45 
\ 1~\ 

\s-....;\\m 
Skarn prospect 

bs 

2 KILOMETERS 

Figure 1. Location map and general geology of the Groundhog Basin-Glacier Basin area. Modified from Gault and others 
(1953) and Brew and others (1984). 
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referred to informally as the great tonalite sill (Brew, 
1988), lies east of the metamorphic unit and beyond the 
area shown in figure 1. The metamorphism is considered 
to be Late Cretaceous and early Tertiary in age, and the 
grade in general increases toward the sill. The rocks in 
the Groundhog Basin-Glacier Basin area were later 
hornfelsed by the 15- to 17-Ma zinnwaldite-bearing gran­
ite porphyry stock, and the original metamorphic fea­
tures are therefore not clear. The biotite schist unit is 
obviously hornfelsed in a 50- to 100-m-wide zone around 
the zinnwaldite-bearing granite plug in both surface 
exposures and drill core. Dikes, sills, and plugs of rhyolite 
porphyry and granite are present in outcrop throughout 
the area and have been intersected by diamond-drill 
holes. Basaltic dikes and sills are also common. 

Gault and others (1953) made detailed maps of the 
prospects and described the sulfide bodies as replace­
ments of "pyroxene granulite" beds. High-grade massive 
sulfide ore beds, up to 1 m thick and discontinuously 
traceable for more than 4 km along strike, occur in the 
biotite schist unit (fig. 1 ). Individual beds can only be 
traced in outcrop for about 300 m, and unpublished 
industry diamond-drilling information indicates that 
maximum downdip continuity of individual beds rarely 
exceeds 100 m. The ore consists of massive, locally 
laminated pyrrhotite, sphalerite, and galena with lesser 
pyrite, arsenopyrite, chalcopyrite, and cassiterite. Most of 
the silver is probably contained in the galena (Gault and 
others, 1953, p. 22). Veins of quartz, sphalerite, and 
galena, both with and without fluorite, are sporadically 
distributed throughout both Groundhog Basin and Gla­
cier Basin, but are most common within 100 to 300m of 
either granite or rhyolite outcrops. Quartz, carbonate, 
clinopyroxene, amphibole, chlorite, and white mica, with 
minor fluorite and traces of tourmaline, are the common 
gangue minerals in both massive ore and veins. Clinopy­
roxene occurs as medium- to coarse-grained, randomly 
oriented masses with minor garnet, idocrase, and plagio­
clase. In the vicinity of massive ore, the clinopyroxene is 
retrograded to a mixture of very fine grained amphibole, 
chlorite, quartz, calcite, and sulfide. 

Petrographic study and unpublished industry data 
indicate that cassiterite is also a near-ubiquitous compo­
nent of the massive sulfide ore in the Groundhog Basin 
area. All cassiterite observed in thin section, however, 
occurs as individual grains and grain clusters 0.1 to 1 mm 
in size and is not identifiable in hand sample (fig. 2). It is 
typically intergrown with quartz, sphalerite, pyrrhotite, 
and rare fluorite. Near the zinnwaldite-bearing granite 
(fig. 1), massive sulfide samples commonly contain sev­
eral percent cassiterite; grab samples assay up to 18 
percent Sn02 (unpublished industry data). Tin contents 
of 100 to 500 ppm are common in sphalerite-galena­
fluorite veins present up to 1 km from the zinnwaldite­
bearing granite plug and in biotite-veined hornfels 
samples. 

The chemical composition of the zinnwaldite­
bearing granite stock indicates that it has the character­
istics of a tin granite. Major- and minor-oxide 
concentrations of representative unaltered samples are, 
except for tungsten, virtually identical to those of average 
tin granites (table 1). Tin granites differ from average 
granites in the relatively high abundances of fluorine, tin, 
tungsten, niobium, and rubidium, and relatively low 
abundances of titanium, iron, calcium, barium, stron­
tium, and magnesium. The analyses for the Groundhog 
Basin granite and average tin granites also differ from 
typical molybdenum-porphyry-related granites in that the 
latter have high Fe20 3/Fe0 ratios (table 1). Unpublished 
industry and limited USGS geochemical analyses of 
surface and core samples show that high rubidium, 
niobium, fluorine, and tin are very common in the granite 
plug and underscore the very high potential for 
incompatible-element-related ore deposits m the 
Groundhog Basin area. 

Petrographic and hand-specimen examination of 
the Miocene granitic rocks shows many alteration/min­
eralization features characteristic of tin-mineralized sys­
tems. Alteration of the granite to albite-zinnwaldite 
(brown lithium -bearing muscovite)-fluorite-topaz-tour-

Figure 2. Transmitted light photomicrograph of 
typical Groundhog Basin massive sulfide ore. C, 
twinned polycrystalline cassiterite aggregate; Q, 
quartz; F, fluorite; black, pyrrhotite and sphalerite. 
Field of view is 1 mm wide. 
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Table 1. Comparison of representative unaltered granite 
composition from the Groundhog Basin area with other 
typical granite compositions 

[Analyses: 1, trace elements are average values from USGS and unpub. 
industry data; 2, Tischendorf (1977); Clark and Muecke (1985); 3, 
Hudson and others (1979); 4, White and others (1981); Carten and 
others (1988); 5, LeMaitre (1976); Krauskopf (1979)] 

Groundhog Average tin Quartz Hill Henderson Co, Average 

Basin granite granite Mo deposit Mo deposit granite 

granite granite 

(1) (2) (3) (4) (5) 

Analysis, weight percent 

Si0
6 

74.4 74.2 75.0 74.9 71.3 

A~ 3 13.5 14.1 13.3 13.3 14.3 
Fe20 3 

.07 .21 .63 .30 1.21 
FeO .76 .81 .41 .19 1.64 
MgO .10 .10 .2 .05 .71 
CaO .42 .51 .8 .57 1.84 

~60 4.28 4.11 3.9 4.45 3.68 
4.51 4.32 4.04 5.30 4.07 

Ti02 .02 .07 .14 .11 .31 

P20s .05 .26 .05 .01 .12 
MnO .03 .03 .03 .05 .05 
F .38 .4 .2 .08 
H20 .35 .84 .34 .3 .64 

Analysis, parts per million 

Mo 4 2 2 1.5 
w 10 2 1.5 
Sn 57 44 11 3 
Zr 88 75 26 76 180 
Ba 80 57 140 10 700 
Sr 14 15 27 8 300 
Rb 670 760 630 150 
Nb 68 32 38 180 20 

maline greisen is common in the uppermost 200 m of the 
exposed body. Tin concentrations of 0.04 to 0.1 percent 
and fluorine concentrations of 0.5 to 2 percent are 
common in this upper zone. Zinnwaldite-albite-topaz­
fluorite-cassiterite-pyrite-sphalerite veins, 0.2 to 2 em 
thick, are also common in the upper part of the granite. 
Disseminated fluorite and topaz are also present at 0.5 to 
1 percent concentrations in much of the unaltered gra­
nitic rock. Tourmaline is present as very fine grained 
crystals with zinnwaldite, and boron concentrations of 
several hundred parts per million are present. This 
alteration and mineralization in the granite suggest a 
strong link to the nearby tin-bearing massive sulfide 
bodies discussed above. The fluorite-bearing base-metal 
veins are similar to base-metal veins marginal to tin­
mineralized systems elsewhere (for example, Newberry, 
1987), and hence are also likely related to the granite. 

Application of the tin discriminant function of 
Burns and others (1988) to the major and minor (rubid­
ium, zirconium, barium) element composition of the 
Miocene zinnwaldite-bearing granite at Groundhog 

Basin indicates a greater than 95 percent likelihood of tin 
deposits related to the granite. This intrinsic high fa­
vorability for tin strongly suggests that the tin in both the 
granite and the massive sulfide is derived from the 
granite. It could be argued that the high tin values are 
granite-derived and superimposed on a preexisting mas­
sive sulfide deposit, but the absence of veining in the 
massive sulfide and the presence of very fine grained, 
disseminated cassiterite in the massive sulfide, inter­
grown with sulfide, quartz, carbonate, and minor fluorite, 
imply that the sulfide minerals and cassiterite were 
deposited together from granite-related hydrothermal 
fluids. 

REPLACEMENT ORIGIN OF THE DEPOSITS 

The massive and disseminated sulfides and the 
cassiterite occur in skarn environments. Both sulfide and 
calc-silicate replacement of the thin marble layers is 
present at a variety of scales (Gault and others, 1953) and 
the pyroxene granulites of Gault and others (1953) are 
actually skarns containing medium-grained, randomly 
oriented pyroxene and minor garnet. Fine-grained en­
doskarn (biotite schist, replaced in part by clinopyroxene) 
locally occurs adjacent to medium-grained clinopyroxene 
skarn. Pyroxene-rich zones in both skarn types are pref­
erentially replaced by sulfide minerals, usually accompa­
nied by minor carbonate and the hydrous silicates 
amphibole and chlorite. Mapping of an adit into one of 
the ore beds at Groundhog Basin (fig. 3) shows fine­
grained clinopyroxene-altered biotite schist ( endoskarn) 
adjacent to medium-grained clinopyroxene skarn, with a 
complex body of massive sulfide restricted to the skarn 
zone. Gault and others (1953, pl. 10) show a 10-m-wide 
block of marble surrounded by sulfide-bearing pyroxene 
granulite 0.5 km north of Glacier Basin. Unpublished 
industry maps of the Nelson Glacier area (labeled "skarn 
prospect" on fig. 1) show a 2-m-wide marble bed with 
veins of galena-sphalerite-clinopyroxene. In drill core 
from Groundhog Basin, centimeter-wide veins of garnet­
pyroxene skarn with envelopes of wollastonite cut across 
layering in marble, and 1- to 5-cm -wide skarn zones are 
present between basalt dikes and marble. 

Our mineralogical, chemical, and petrologic inves­
tigations indicate that the deposits are epigenetic hydro­
thermal replacements, skarns, and veins. As discussed 
below, four lines of evidence support this interpretation: 
(1) the ore textures are compatible with replacement and 
not with volcanogenic or metamorphosed sulfides; (2) 
the mineral compositions indicate a shallow, low­
temperature origin and neither a medium-grade 
metamorphic or volcanogenic origin; (3) the tin grade 
distribution is zoned and centered on the zinnwaldite­
bearing granite plug; and ( 4) as discussed previously, the 
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granitic rocks present display tin granite alteration/min­
eralization characteristics. 

Ore textures are notoriously difficult to interpret 
due to the absence of rigorous, quantifiable criteria for 
establishing replacement or other origins, but metamor­
phosed ores have several clear characteristics (table 2). 
Thus, absence of those features indicates a non­
metamorphic origin. Missing in ores from the Ground­
hog Basin area are (1) evidence for metamorphic 
deformation; for example, fracturing of the brittle sul­
fides pyrite and arsenopyrite, and crack filling by the soft 
sulfides galena and chalcopyrite; (2) evidence for meta­
morphic growth of pyrite; for example, an abundance of 
large, rotated, porphyroblastic pyrites; and (3) evidence 
for annealing of grain boundaries; for example, develop-
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Figure 3. Sketch map of ad it #1, Groundhog Basin. Loca­
tion of adit shown on figure 1. 

Table 2. Textural characteristics of Groundhog Basin 
ores compared to typical metamorphosed sulfides 

(Criteria for metamorphosed ores from Volkes (1969) and Craig 
and Vaughn (1981)] 

Metamorphosed sulfide ore 

Soft sulfides injected along 
cleavages of silicates 
replace clinopyroxene. 

Broken pyrite and arseno­
pyrite crystals; fractures 
filled by soft sulfides 
galena, chalcopyrite). 

Kink-banding and polysyn­
thetic twinning in 
pyrrhotite. 

Curved cleavage traces in 
galena. 

Curved rows of chalcopyrite 
inclusions in sphalerite. 

120-degree triple junctions 
in monomineralic sulfide 
masses. 

Large (up to 1 em), rounded 
pyrite porphyroblasts with 
abundant inclusions 
common. 

Groundhog Basin ore 

Sulfides intergrown with 
felted masses of chlorite/ 
muscovite/actinolite and 
sulfide/calcite/quartz. 

Mostly equant pyrite and 
arsenopyrite in matrix of 
equant, softer sulfides. 

No twinning observed in 
pyrrhotite. 

Straight cleavage traces. 

Straight rows of chalco­
pyrite inclusions in 
sphalerite. 

Grain boundary angles 
commonly vary from 80 
to 160 degrees. 

Pyrite grains are common­
ly small (3 mm) and free 
of inclusions. 

ment of 120-degree triple junctions in monomineralic 
sulfide aggregates. 

The sulfide-silicate textures of the Groundhog Ba­
sin ore are compatible with a replacement origin and 
incompatible with a metamorphic origin. Quartz, carbon­
ate, clinopyroxene, amphibole, chlorite, and white mica 
are the common gangue minerals with minor fluorite and 
traces of tourmaline. The phyllosilicates in the Glacier 
Basin-Groundhog Basin ores occur as fine to very fine 
grained, randomly oriented aggregates, some of which 
are pseudomorphic after idocrase. They do not display 
sulfide injections along cleavages, as is common in re­
gionally metamorphosed sulfides. Clinopyroxenes occur 
as medium- to coarse-grained, randomly oriented masses 
with minor garnet, idocrase, and plagioclase. In the 
vicinity of massive ore, the clinopyroxenes are retrograd­
ed to a mixture of very fine grained amphibole, chlorite, 
quartz, calcite, and sulfide. The strong spatial association 
of retrograde clinopyroxene alteration and massive sul­
fide suggests instead that the bulk of sulfides were 
deposited during retrograde alteration; that is, associated 
with postmetamorphic hydrothermal alteration. 
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Compositions of sulfide and silicate minerals from 
the Groundhog Basin area suggest low to moderate 
temperatures and pressures of formation and are not 
compatible with a history of moderate-grade regional 
metamorphism of volcanogenic ores. Microprobe com­
positions of sphalerites from sphalerite-pyrite-pyrrhotite 
assemblages yield 19.1 to 19.5 mole percent PeS, indicat­
ing pressure of about 1.3±0.3 kbars (Scott, 1973). Arse­
nopyrites with 31.6 to 32.1 atomic percent As, coexisting 
with pyrrhotite containing 47.6 to 48.2 atomic percent Fe, 
indicate temperatures of 310 to 260 oc (Kretschmar and 
Scott, 1976). We interpret these pressure/temperature 
conditions to be original rather than to represent reset­
ting of mineral compositions during Miocene plutonism, 
because (1) arsenopyrite is highly refractory; (2) the 
samples, which were taken more than 0.5 km from the 
granite plug and well beyond the hornfels zone, contain 
no veins or other signs of sulfide remobilization; and (3) 
silicate wallrocks surrounding the samples show no signs 
of low-temperature alteration. 

Chlorite from Groundhog Basin massive ore has 
relatively low Al20 3 and Ti02 contents, which indicate 
formation of sub-biotite grades (Laird and Albee, 1981 ). 
The chlorite has atomic Fe/(Fe±Mg) ratios greater than 
0.6, unlike ore-related chlorites from massive sulfide 
deposits (Urabe and others, 1983; Schmidt, 1988), which 
typically exhibit Fe/(Fe± Mg) ratios less than 0.3 to 0.1 
(fig. 4). 
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Figure 4. Microprobe compositions of chlorites from 
Groundhog Basin massive sulfide deposits (solid dots) 
plotted in relation to those from other greisen- and non­
greisen-related deposits. Diagram modified from Strong 
and Chatterjee (1985) using data from Urabe and others 
(1983), Newberry (1987), Schmidt (1988), and Newberry 
(unpub. data, 1989). 

White micas from Groundhog Basin massive ore 
have celadonite components compatible with either 
medium-grade metamorphism (Laird and Albee, 1981) 
or origin as a tin greisen (Strong and Chatterjee, 1985). 
These white micas, however, possess very low (0.4 per­
cent and less) barium contents, unlike the Ba-rich (2 to 
12 percent BaO) alteration micas characteristic of 
volcanogenic massive sulfide deposits (for example, Arc­
tic Camp in northern Alaska, Schmidt, 1988; Greens 
Creek in southeastern Alaska, R.J. Newberry, unpub. 
data). 

The distribution of tin values in all rocks of the 
Groundhog Basin area shows little systematic pattern 
(unpub. industry report). Contouring of tin contents (fig. 
5) of the massive sulfide ore, however, shows a strong 
spatial relationship to the exposed granite plug. Tin 
concentrations greater than 1 percent are common within 
0.5 km of the plug, but concentrations greater than 0.1 
percent are not known beyond about 1 km from the plug. 
Limited industry sampling also indicates that high copper 
and arsenic values accompany high tin grades, whereas 
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Figure 5. Map showing zoning of tin content in Groundhog 
Basin-Glacier Basin massive sulfide ore in relation to Mio­
cene zinnwaldite-bearing granite at lower Groundhog Basin. 
Data courtesy of K. Eichner, President, TEMSCO Helicopters, 
Inc., and TEMSCO Airlines, Inc., Ketchikan, AK. 
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higher lead grades are present peripheral to the high-tin 
zone. Silver is variably enriched (values of 5 to 1,000 ppm 
reported) in both tin-rich and tin-poor massive sulfide. 

Although such elevated tin contents are occasion­
ally present in massive sulfide ores (as examples, 0.031 
percent tin at Sullivan, British Columbia, Hamilton and 
others, 1983; 2.6 percent tin in a Kuroko-type deposit in 
Portugal, B.L. Reed, U.S. Geological Survey, oral com­
mun., 1989), average grades in excess of 0.1 percent tin 
and grab-sample grades greater than 3 percent tin have 
not been reported from any massive sulfide deposit that 
is clearly volcanogenic (Patterson and others, 1981 ). 
Other granite-related elements present in high abun­
dances in the Groundhog Basin massive ores include 
beryllium (up to 100 ppm), boron (up to 5,000 ppm), and 
fluorite (up to 0.3 percent). Both the high abundance of 
tin (and the other elements) and the localization of high 
tin values around the granite stock indicate a causal 
relation between the granite and the mineralization. 

Based on the preceding information, we suggest 
that initial mineralization in the Groundhog Basin area 
resulted in formation of pervasive albite-zinnwaldite 
greisen in the cupola of an evolved granite, limited 
pyroxene-garnet skarn in carbonates, and pyroxene­
plagioclase endoskarn in biotite schist and mafic dikes. 
This early mineralization was followed by lower temper­
ature zinnwaldite-sphalerite-cassiterite veining in the 
granite and metamorphic rocks and by massive sulfide­
cassiterite replacement of marble and pyroxene-rich 
skarn and endoskarn. Peripheral sphalerite-galena­
fluorite veins probably represent late, distal, and lowest 
temperature expressions of the granite-related hydro­
thermal system. 

RESOURCES 

Gault and others (1953) estimated that the 
Groundhog Basin massive sulfide deposits contained 
"several hundred thousand" tonnes of resources contain­
ing 8 percent zinc, 1.5 percent lead, and 1.5 oz/t silver. 
The disseminated sulfide deposits there contained "sev­
eral hundred thousand" tonnes with 2.5 percent zinc and 
1 percent lead. The Glacier Basin disseminated sulfide 
deposits were estimated to contain "many hundred thou­
sand" tonnes of resources containing 1.6 percent zinc and 
0.1 percent lead and the quartz-fluorite veins there to 
contain "several million" tonnes with 0.14 percent zinc 
and 0.09 percent lead. 

We do not have quantitative data sufficient to make 
a comparable estimate of the tin content of the Ground­
hog Basin deposits. However, we are convinced that 
significant undiscovered tin and perhaps silver resources 
are present at Groundhog Basin, and therefore propose a 
preliminary estimate. As background, the Gault and 
others' (1953) estimates of zinc, lead, and silver content 

can be compared with the worldwide grade and tonnage 
models of Mosier and others (1986) for polymetallic 
replacement deposits. That comparison shows that the 
Groundhog Basin deposits are somewhere between the 
90th and 60th percentiles in tonnage, near the 20th 
percentile for zinc grade, and near the 80th percentile for 
both lead and silver. Thus, considered as a polymetallic 
replacement deposit, Groundhog Basin is relatively small 
and can be generalized as of moderate grade. 

Considering now the tin resources at Groundhog 
Basin, we estimate them as undiscovered resources in 
one deposit that is relatively low in tonnage and moderate 
in grade. The worldwide grade and tonnage model for 
replacement tin deposits (Menzie and Reed, 1986), 
which is based on only six deposits, all in Australia, 
indicates that such a deposit would contain about 1 
million tonnes of ore containing 0.8 percent tin. We 
estimate that the Groundhog Basin deposit has undiscov­
ered tin resources of at least that tonnage and grade, but 
emphasize the great uncertainties in the estimate. 

DISCUSSION 

Gault and others (1953) interpreted the sulfide­
bearing bodies at Groundhog Basin and Glacier Basin as 
replacement and related vein deposits. Grybeck and 
others (1984) reinvestigated the area and concluded 
(perhaps based on the lateral continuity of the massive 
sulfide ore beds) that the deposits were "metamorphosed 
and locally remobilized stratiform, syngenetic massive 
sulfide deposits" in a metamorphic terrane of "high­
grade schist and gneiss." These workers considered the 
nearby zinnwaldite-bearing granite to be unrelated to the 
massive sulfides, except that the dike-related veins were 
interpreted to have possibly been remobilized from the 
massive sulfide layers. Nokleberg and others (1987) 
followed Grybeck and others (1984) and classified the 
Groundhog Basin area deposits as "metamorphosed 
sulfides" of uncertain (volcanogenic or sedimentary) 
parentage. 

We interpret the evidence presented by Gault and 
others (1953) and in this report to indicate that the 
deposits are replacement in origin and are similar to the 
carbonate-hosted, massive pyrrhotite-cassiterite replace­
ment bodies at Renison Bell (Patterson and others, 1981; 
Reed, 1986), Mount Bischoff, and Mount Cleveland, 
Tasmania, and Kochiu, southern China (Laznicka, 1985). 
These deposits have massive to laminated textures, small 
amounts of skarn mineralization, and tin grades of 0.3 to 
3.65 percent, and tin is present as very fine grained 
(invisible in hand specimen) cassiterite. These deposits 
are also associated with greisen-altered, tin-tungsten­
fluorine-rubidium-enriched granites. Conditions of for­
mation of the Renison Bell (Patterson and others, 1981) 
and Mount Cleveland (Collins, 1981) deposits are similar 
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to those determined for the Groundhog Basin deposits, 
namely pressures of approximately 1 to 1.5 kbar and 
temperatures of 300 to 350 °C. Both Mount Bischoff and 
Mount Cleveland also exhibit a zonation of metal grades 
with high copper and tin close to the granite and high 
lead and zinc farther from the granite, similar to the 
Groundhog Basin pattern. 

Southeastern Alaska has significant known por­
phyry molybdenum deposits associated with late Tertiary 
granites (for example, Quartz Hill, the Muir Inlet nuna­
tak deposit in Glacier Bay, Mount Ogden). This report 
shows that significant tin mineralization occurs with at 
least one of the late Tertiary granites and suggests that 
the granites are favorable for a variety of incompatible 
element deposits. Differences between molybdenum and 
tin metallogeny in strongly fractionated granite systems 
may be largely due to differences in intrinsic oxidation 
states of the related magmas. Keith and Shanks (1988) 
indicated that high magmatic oxidation states are impor­
tant for the development of a porphyry molybdenum 
deposit, whereas Patterson and others (1981) and Swan­
son and others (1988) indicated that low magmatic 
oxidation states are required for formation of greisen­
type tin deposits. These generalizations are compatible 
with the strong differences in Fe20 3/Fe0 ratios of Ter­
tiary granites from Quartz Hill and Groundhog Basin 
(table 1). If such differences in the magmatic environ­
ment are a function of oxygen fugacity, then tin deposits 
may well be expected to occur with other, similar frac­
tionated granites in southeastern Alaska. Further, the 
elements uranium, tungsten, niobium, and tantalum are 
also associated with strongly fractionated granites (frac­
tionating under still different conditions?) and might also 
be associated with southeastern Alaska Tertiary granites. 

Although the stratabound Groundhog Basin mas­
sive sulfide deposits are here shown to be granite-related, 
and not volcanogenic in origin, it should not be inferred 
that other stratabound massive sulfide deposits in south­
eastern Alaska are necessarily of epigenetic origin (Sto­
well, 1985). Rather, we suggest that integrated geologic, 
mineralogic, and mineral compositional studies be 
employed to establish the origins of critical mineral 
deposits in this area of complex geology and metallogeny. 
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