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Geologic Studies in Alaska
by the U.S. Geological Survey, 1993

Alison B. Till and Thomas E. Moore, Editors

INTRODUCTION

This collection of 19 papers continues the annual series of U.S. Geological Survey
reports on geologic investigations in Alaska. Contributions include 14 Articles and 5
shorter Geologic Notes that report results from all corners of the State.

USGS activities in Alaska cover a broad spectrum of earth science topics, includ-
ing the environment, hazards, resources, and geologic framework studies. Three articles
focus on the environmental geochemistry of parts of south-central, west-central, and
southwestern Alaska. An article on methane released from permafrost near Fairbanks
and a note on paleowind direction indicators on the Arctic coastal plain contribute to
ongoing climate and paleoclimate investigations. Landslide hazards in the Talkeetna
Mountains and Wrangell-St. Elias National Park are discussed in two notes. Possible
active fault traces near Alaska’s main population center are described in an article on
the Castle Mountain fault. An article on Aniakchak volcano presents evidence for a
previously unrecognized catastrophic flooding event. Resources and resource assessment
on gold, base metals, and coal are discussed in several articles and a note. Geologic
framework studies cover tectonics, paleontology, stratigraphy, and metamorphic petrolo-
gy. One contribution involves field methods; it evaluates the relative accuracy of global
positioning systems and topographic map-based methods for deriving location data for
field stations.

Two bibliographies at the end of the volume list reports about Alaska in USGS
publications released in 1993 and reports about Alaska by USGS authors in non-USGS
publications in 1993.

Manuscript approved for publication July 19, 1994.
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ENVIRONMENT AND CLIMATE

Mercury in the Environment and
Its Implications, Kuskokwim River Region,
Southwestern Alaska

By John Gray, Peter Theodorakos, Jim Budahn, and Richard O’Leary

ABSTRACT

Potential mercury contamination was evaluated
downstream from an abandoned mercury mine and a site
downstream from placer mines in the Kuskokwim River
region of southwestern Alaska, Mercury and other heavy-
metal concentrations were measured in liver, muscle, and
whole fish samples of Arctic grayling, as well as in
stream-sediment, heavy-mineral-concentrate, and stream-
water samples. Results indicate that mercury is most con-
centrated in samples collected below the mercury mine,
where stream-sediment samples contain in excess of 36
ppm and samples of muscle and whole fish from Arctic
grayling range from 0.24 to 0.55 ppm wet weight. Mer-
cury concentrations in whole fish and muscle samples of
grayling collected downstream from placer mines range
from 0.067 to 0.30 ppm wet weight. Although mercury
concentrations in fish are elevated with respect to those
- in fish from a control site, the mercury concentrations in
fish samples do not exceed the Food and Drug Adminis-
tration (FDA) action level of 1 ppm wet weight for edi-
ble fish. Results for other heavy-metals in samples
collected in this study are not in concentrations high
enough to be of concern.

INTRODUCTION

Major mineral commodities in the Kuskokwim
River region of southwestern Alaska are gold, silver, and
mercury. Most of the gold and silver have been recovered
from placer mines, some of which are presently operating.
Numerous epithermal mercury-rich vein deposits are
scattered over several thousand square kilometers in
southwestern Alaska. Ore mineralogy is dominated by
cinnabar, but stibnite, realgar, orpiment, native mercury,
pyrite, limonite, hematite, and gold are found locally
(Sainsbury and MacKevett, 1965; Gray and others, 1990).
Vein gangue is typically quartz, carbonate, and dickite.

Several of the mercury deposits have been developed into
mines. The Red Devil mine, located about 6 miles (10
km) northwest of Sleetmute, is the largest mercury deposit
in Alaska; about 36,000 flasks of mercury (1 flask = 76
Ibs or 34.5 kg) have been recovered from Red Devil
(Miller and others, 1989). However, other mercury mines
developed in the region are much smaller, for example the
Cinnabar Creek mine, that produced several hundred
flasks (Sainsbury and MacKevett, 1965). Total mercury
production in southwestern Alaska is about 41,000 flasks
(Bundtzen and others, 1986), but no mercury mines are
currently operating.

Although the region has been exploited for gold, sil-
ver, and mercury, few studies have been conducted in the
region to evaluate the environmental impact of toxic com-
pounds related to surface weathering of naturally occur-
ring mineral deposits, mercury mining, or placer mining
activity. Due to the presence of numerous mercury-rich
deposits in the region, evaluation of potential hazards re-
lated to environmental mercury contamination is of prima-
ry concern to inhabitants in the area; other heavy metals
are of lesser concern, but are still important.

Mercury is a heavy-metal pollutant of great concern
that can be life threatening to humans and aquatic organ-
isms when concentrations are high. Most forms of mercu-
ry are poisonous to some degree; however, most mercury
toxicity problems are related to organic mercury com-
pounds (Eisler, 1987; Baeyens, 1992), methylmercury
being the most toxic to humans (Friberg and Vostal,
1972). Methylmercury is volatile, water soluble, and ac-
cumulates in tissues of fish and other aquatic organisms
(Fenchel and Blackburn, 1979; Manahan, 1991). Various
forms of mercury in the aquatic environment are convert-
ed into mercuric ion and then methylated (Manahan,
1991). Conversion to methylmercury is largely dependent
on biological processes and may be produced by aerobic
or anaerobic bacteria (Wood, 1974). Concentration of me-
thylmercury in fish provides an easy pathway for mercury
to enter the food chain.
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One of the most extreme cases of acute mercury tox-
icity occurred in the 1950’s at Minamata, Japan, and
resulted in the poisoning of hundreds and the death of nu-
merous persons who ate mercury-contaminated fish and
shellfish (Irukayama, 1967; Manahan, 1991). These mercu-
ry contaminants were associated with the effluent from a
local chemical factory (Kurland and others, 1960). More
recently, over 60 persons in the Amazon region of Brazil
were found to have mercury concentrations above the 6-
ppm limit in humans set by the World Health Organization
(World Press Review, 1993). In addition, fish collected in
this area contain up to 2.7 ppm mercury (Pfeiffer and oth-
ers, 1989; Nriagu and others, 1992). Mercury contamina-
tion in the Amazon region is related to the use of native
mercury for gold amalgamation in placer mining. Estimates
indicate that from 1980 to 1992, over 2,000 tons of mercury
contaminated watersheds in the Amazon region (World
Press Review, 1993). Mercury contaminated freshwater fish
and airborne mercury vapor pollution related to amalgam
roasting are known in the Amazon region (Nriagu and oth-
ers, 1992). In both the Minamata and Amazon region cases,
a major part of the mercury poisoning was directly linked
to the consumption of mercury-contaminated fish. The
widespread occurrence of mercury deposits and placer min-
ing in southwestern Alaska suggest that concentrations of
mercury should be investigated in several sample media.

The objective of this study is to (1) report con-
centrations of mercury and other heavy-metals in fish,
stream-sediment, heavy-mineral-concentrate, and stream-
water samples collected downstream from an abandoned
mercury mine, gold-placer mines, and a control site, and
(2) evaluate the effects of possible metal toxicity on the
food chain at these sites. This study is an important out-
growth of the U.S. Geological Survey’s Alaska Mineral
Resource Assessment Program (AMRAP) in southwestern
Alaska that was undertaken to examine how mineral de-
posits in the region affect the environment.

STUDY AREAS AND
SAMPLE COLLECTION

Sites selected for study included (1) Cinnabar
Creek, located in the northwestern Taylor Mountains
quadrangle about 60 miles (100 km) southeast of Aniak,
(2) Crooked Creek, located in the western Sleetmute
quadrangle about 50 miles (80 km) northwest of Aniak,
and (3) a site on the Buckstock River about 30 miles (50
km) southeast of Aniak (fig. 1). Samples collected for
study included fish, stream-sediment, heavy-mineral-con-
centrate, and stream-water. All samples were collected
from the active stream channel. Fish samples collected
included whole fish, fish muscle (edible fillets), and fish
livers. Fish collected were Arctic grayling (Thymallus
arcticus) because this species was the primary freshwater
fish observed at the sites studied.

CINNABAR CREEK

Cinnabar Creek was selected for study because the
abandoned Cinnabar Creek mercury mine is located up-
stream. This has been a site of previous geochemical studies
(Gray and others, 1991) and is ideal for the present study due
to its proximity to the mercury mine. For this study, fish were
collected from two sites on Cinnabar Creek to address possi-
ble metal contamination. All of the Arctic grayling collected
from Cinnabar Creek were small, weighing less than 45
grams (table 1). The first site was about 1 mile (1.6 km)
downstream from the mine and second site was about 3 miles
(4.8 km) from the mine. Muscle samples were collected from
two fish from the second site. Liver samples were not collect-
ed from Cinnabar Creek due to the small size of the fish.

Geochemical and mineralogical dispersion was previ-
ously studied on Cinnabar Creek (Gray and others, 1991). In
their study, stream-sediment, heavy-mineral-concentrate,
and stream-water samples were collected from six sites
downstream from the Cinnabar Creek mine; these sample
sites were located about 0.8, 1.3, 1.8, 2.9, 3.6, and 4.3 miles
from the mine. Geochemical and mineralogical results from
these samples were evaluated for this study.

CROOKED CREEK

Two sites were studied on Crooked Creek, located
about 5 and 8 miles (8 and 13 km) below the placer min-
ing in the Donlin Creek area (fig. 1). Placer gold mining
has been conducted in this area since 1910; placer gold
has been recovered from several drainages and placer min-
ing is ongoing at Snow Gulch (Cady and others, 1955;
Bundtzen and others, 1988). All of these drainages are up-
stream from Crooked Creek (fig. 1). This creek was cho-
sen for study because placer cinnabar has been reported in
heavy-mineral concentrates from placer mines in the area
(Cady and others, 1955); in addition, native mercury was
commonly used for placer gold recovery in Alaska in the
early 1900’s (Smith and Maddren, 1915) and was probably
used during placer mining in the Donlin Creek area. One
stream-sediment, heavy-mineral-concentrate, and stream-
water sample was collected from each site. Nine Arctic
grayling were sampled from both localities; five grayling
from each site were dissected and liver and muscle sam-
ples were collected.

BUCKSTOCK RIVER

A baseline or control site was selected on the Buck-
stock River for the study because no mercury sources are
known upstream. One stream-sediment, heavy-mineral-con-
centrate, and stream-water sample was collected from this
site; in addition, 11 Arctic grayling were collected. Five
Arctic grayling were dissected for fish muscle and liver
samples.
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Table 1. Data for Arctic grayling collected from the Buckstock River (BR), Crooked Creek (CR), and Cinnabar Creek (CC).

[Analysis of Hg by cold-vapor atomic absorption spectrophotometry (CVAAS); Pb, Cu, Ag, and Sn by inductively coupled plasma-mass spectrometry (ICP-MS); and As, Cd, Zn, Cr, Ni, and Se by instrumental neutron
activation analysis (INAA); concentrations are in parts per million wet weight; methylmercury values are given in parentheses; n.d., not determined]

Condition Percent

Sample Tissue Wet weight factor (K)! moisture Hg As Cd Pb Zn Cu Cr Ni Ag Se Sn
BR1FOIM muscle 159¢g 1.04 72 0.084 <0.1 <0.25 <03 15 <1 0.1 <0.5 <02 1.1 <1
BR1F02M muscle 115 771 74 .10 nd. n.d. n.d. nd n.d. n.d. n.d. n.d. nd. n.d.
BR1FO3M muscle 108 771 73 .068 n.d. nd. nd. nd n.d. nd. nd. n.d. nd. n.d.
BR1FO5M muscle 223 975 68 077 (0.074) <.l < .25 <.3 12 <1 <.1 <.5 <2 1.6 <1
BRI1F10M muscle 151 1.02 77 .071 n.d. n.d. nd. n.d. nd. nd. nd. n.d. n.d. nd.
BRI1F06W whole fish 159 913 74 .057 1 <.25 <3 21 2 2 2.0 <2 1.7 <1
BRIFO8W whole fish 276 951 75 .038 <.l <.25 <.3 24 <1 1 <.5 <2 15 <1
BRIFOIL liver 3.6 1.04 73 13 <.l 32 <3 21 2 1 <.5 <2 43 <1
BRI1F02L liver 14 771 75 .10 <.1 < .25 <.3 13 2 4 <.5 <.2 4.6 <1
BRI1F03L liver 0.99 771 72 .10 <.l .87 <3 23 2 2 <.5 <.2 8.7 <1
BRIFO5L liver 33 975 72 13 <.1 < .25 <.3 24 2 <.1 <.5 <2 12 <1
BRIFIOL liver 23 1.02 73 .14 <.1 <.25 <.3 23 2 3 <.5 <2 43 <l
CRI1F02M muscle 93 1.08 76 A1 (11) <.l < .25 <3 14 <1 .1 <.5 <.2 6 <1
CR1F04M muscle 88 932 78 20 (20) <.1 < .25 <3 15 <1 .1 <.5 <2 6 <1
CRIFI3M muscle 88 .904 74 .30 n.d. n.d. n.d. n.d. nd n.d. nd. n.d. n.d. nd.
CR2F08M muscle 139 .892 74 .18 n.d. n.d. n.d. n.d. nd n.d. nd. n.d. n.d. n.d.
CR2F16M muscle 143 .802 72 12 (1D <.l <.25 <.3 9.2 <1 .1 <.5 <.2 7 1
CR2F18M muscle 86 .841 74 .30 n.d. n.d. n.d. n.d. nd n.d. nd. n.d. n.d. n.d.
CRIF15W whole fish 131 673 75 .075 3 < .25 <.3 21 <1 2 <.5 <2 12 <l
CR2F06W whole fish 85 921 71 067 1 < .25 <.3 25 <1 1 <.5 <2 1.4 <l
CR1F02L liver 14 1.08 73 17 1 28 <.3 21 3 3 <.5 <2 44 <l
CRIF04L liver 1.1 932 75 43 1 .30 <.3 21 4 3 .6 <.2 39 <l
CRI1FI13L liver 1.8 904 73 32 <.l 1.0 <.3 22 2 2 <.5 <2 2.7 <l
CRI1F16L liver 12 .940 74 11 <.1 <.25 <.3 21 2 .6 <.5 <.2 42 <1
CRIFI18L liver 0.68 909 74 .36 <.l 46 <.3 22 2 .6 <.5 <2 39 <l
CR2F08L liver 1.7 .829 72 28 <.1 .53 <3 22 2 <.l <.5 <.2 44 <l
CR2F09L liver 14 1.04 75 18 <.1 28 <3 20 2 1 5 <2 49 <l
CR2F13L liver 1.0 785 72 22 <.1 .33 <.3 23 3 2 1.4 <2 3.8 <l
CR2F16L liver 2.1 .802 75 18 .1 < .25 <3 34 2 <.1 <.5 <2 3.0 8
CR2F18L liver 1.7 .841 72 .53 1 12 <.3 21 3 5 <.5 <2 4.1 <1
CC2F04M muscle 3.1 728 74 A7 2 <.25 <3 16 <1 <.l <.5 <.2 1.8 <1
CC2FOTM muscle 2.5 970 76 .38 1 <.25 <3 30 <1 <.1 .6 <2 1.1 <1
CC2FO1W whole fish 45 979 74 52 (49 2 < .25 <.3 25 1 4 <.5 <2 1.5 <l
CC2F02W whole fish 41 1.08 75 48 5 <.25 <.3 19 <l 5 1.0 <2 1.7 <1

. CC2FO3W whole fish 10 .848 75 35 2 < .25 <3 31 <1 2 <5 <2 1.0 <1
CC2F05W whole fish 8.9 1.03 78 24 1 < .25 <3 26 <1 3 <5 <2 .8 <l
CC2F06W whole fish 11 1.13 76 34 5 <.25 <3 25 <l 4 <.5 <2 1.0 <l
CCIFO1W whole fish 38 1.00 71 .55 3 < .25 <.3 20 <l 1 <.5 <2 19 <1

1K = weight (g) x 10%/fork length (mm)®
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GEOLOGY

The Cinnabar Creek area is underlain by Triassic
and Cretaceous rocks of the Gemuk Group. The Gemuk
Group consists of massive siltstone interbedded with lesser
amounts of chert, volcanic rocks, graywacke, and lime-
stone (Cady and others, 1955). Rocks of the Gemuk
Group are interpreted as part of a volcanic-arc complex
(Box, 1985). Late Cretaceous and Tertiary mafic dikes cut
rocks of the Gemuk Group near the Cinnabar Creek mine
(Sainsbury and MacKevett, 1965). Ore at the mine is high-
grade cinnabar found as massive replacements, dissemina-
tions, and vug fillings within small quartz-carbonate veins
cutting siltstone and graywacke. Native mercury, and less-
er stibnite and pyrite are associated with the cinnabar
(Sainsbury and MacKevett, 1965). Native mercury is com-
mon within sheared and brecciated sedimentary rocks and
is visible in streams in the area (Gray and others, 1991).
Several hundred flasks of mercury were recovered from
the Cinnabar Creek mine (Sainsbury and MacKevett,
1965).

Cretaceous sedimentary rocks of the Kuskokwim
Group are the dominant bedrock in the Crooked Creek
area (Miller and Bundtzen, 1994). These rocks consist of
thick sequences of intercalated sandstones, shales, and
conglomerates (Cady and others, 1955). The Kuskokwim
Group is primarily made-up of deep-water turbidite facies,
with lesser amounts of shallow-shoreline-facies rocks
(Miller and Bundtzen, 1987). In the Crooked Creek area,
small Late Cretaceous and Tertiary granite porphyry intru-
sions cut sedimentary rocks of the Kuskokwim Group at
several localities, most notably along Snow Guich (Miller
and Bundtzen, 1994). Epithermal stibnite-rich veins are
found near Snow Gulch (Cady and others, 1955). These
lodes consist of small quartz-carbonate veins and vug fill-
ings that contain stibnite. These veins are hosted in granite
porphyry dikes, enclosed within the adjacent siltstone and
graywacke of the Kuskokwim Group, or at contacts be-
tween the two rock types. About 25,000 oz of gold have
been produced from placer mines in the Donlin-Crooked
Creek area (Bundtzen and others, 1988).

The Buckstock River dissects rocks of the Kuskokwim
Group and the Gemuk Group. Small Late Cretaceous and
Tertiary granite porphyry intrusions cut the sedimentary
rocks at several localities (Cady and others, 1955; Miller and
others, 1989). No mineral deposits that might be sources of
mercury are known in the Buckstock River drainage basin.

METHODS OF STUDY

Samples used in this study were collected from the
stream channel at each site. Fish were collected using fly
and spinning rods equipped with artificial flies and lures. A

subset of whole fish, fish muscle, and fish liver tissues
were air dried at room temperature and ground. Whole fish
and muscle samples were ground in borosilicate glass or
stainless steel blenders. Fish livers were hand-ground using
an agate mortar and pestle. Mercury was measured in each
ground-fish sample using a cold-vapor atomic absorption
spectrophotometry (CVAAS) method modified from Ade-
loju and others (1994). Fish tissues were also analyzed for
a multielement suite by inductively coupled plasma-mass
spectrophotometry (ICP-MS) (Lichte and others, 1987) and
by instrumental neutron activation analysis (INAA) using a
technique similar to that described by Baedecker and
McKown (1987). Five fish-tissue samples were analyzed
for methylmercury using the method of Bloom (1989) to
confirm the approximate ratio of methylmercury to total
mercury. Data for the Arctic grayling are shown in table 1.

In the laboratory, stream-sediment samples were
dried below 50°C, sieved to minus-80 mesh, pulverized,
and chemically analyzed. The sediments were analyzed for
mercury by CVAAS following the technique of Kennedy
and Crock (1987). Concentrations of Ag, Au, As, Sb, Bi,
Cd, Cu, Mo, Pb, and Zn were determined in the minus-80-
mesh stream-sediment samples by an inductively coupled
plasma-atomic emission spectrometry (ICP-AES) tech-
nique developed by Motooka (1988). In addition, the
stream-sediment samples were analyzed for a multiele-
ment suite by a semiquantitative, direct-current arc-emis-
sion spectrographic technique adapted from Grimes and
Marranzino (1968).

The heavy-mineral-concentrate samples were air-dried,
separated in bromoform, and then separated magnetically.
The nonmagnetic fractions of the heavy-mineral-concentrate
samples were ground and analyzed chemically and mineralog-
ically. The nonmagnetic heavy-mineral-concentrate samples
were analyzed for a multielement suite by emission spectrog-
raphy. The mineralogical content of the nonmagnetic fraction
of the heavy-mineral-concentrate samples was determined
using abinocular microscope. The nonmagnetic heavy-miner-
al-concentrates contain sulfide minerals, gold, and some ox-
ides and silicates; the abundance of cinnabar was the most
useful for this study.

Stream-water samples collected for mercury analysis
were filtered through a 0.45-um membrane into glass bot-
tles and preserved with a nitric acid and sodium dichro-
mate solution. Mercury in the stream-water samples was
determined by CVAAS using a modified version of the
method of Kennedy and Crock (1987). A separate stream-
water sample filtered through a 0.45-um membrane was
acidified with nitric acid and used for analysis of other
metals. Concentrations of As and Sb were determined in
the stream-water samples by atomic absorption spectro-
photometry following a procedure adapted from Perkin-
Elmer Corporation (1977). Concentrations of Cd, Pb, Zn,
Cu, Cr, Ni, Ag, and Sn in samples of stream water were
determined by an ICP-AES technique modified from
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Lichte and others (1987). The analytical results for stream-
sediment, heavy-mineral-concentrate, and stream-water
samples are shown in table 2.

RESULTS
FISH SAMPLES

All biogeochemical data from fish tissues are report-
ed on a wet-weight basis (table 1). Arctic grayling samples
collected from the Buckstock River contain the lowest
concentrations of mercury in the study. For fish collected
from the Buckstock River, average mercury concentrations
are about 0.05 ppm in whole fish, 0.08 ppm in muscle,
and 0.12 ppm in liver. The low mercury concentrations in
fish collected from this site are consistent with the lack of
known mercury sources in the Buckstock River basin.
Therefore, the Buckstock River site represents an adequate
control for this study.

Fish with the highest mercury concentrations were
collected from Cinnabar Creek; these results are consistent
with the presence of the abandoned Cinnabar Creek mercu-
ry mine upstream. Due to the small size of the fish obtained
from Cinnabar Creek, samples analyzed were limited to
whole fish and muscle tissue. Mercury contents average
about 0.43 ppm in whole fish and muscle samples obtained
from Cinnabar Creek (table 1). Mercury results for grayling
collected downstream from gold placer mines on Crooked
Creek average about 0.07 ppm in whole fish, 0.20 ppm in
-muscle, and 0.28 ppm in liver samples. Comparison of the
range in mercury concentrations in grayling from the three
sites studied is shown in figure 2. The data indicate that
mercury is most concentrated in liver tissue. Methylmercu-
ry determinations for four muscle samples and one whole
fish sample suggest that methylmercury comprises greater
than 90 percent of the total mercury in Arctic grayling in
this region. Similar methylmercury/total mercury ratios
have been observed in studies of other freshwater fish
(Hildebrand and others, 1980; Bloom, 1989).

In addition to Hg, other heavy-metals investigated in-
cluded As, Pb, and Cd because these metals can be toxic to
the environment. Anomalous concentrations of As have
been observed in mercury-rich mineral deposits in south-
western Alaska (Sainsbury and MacKevett, 1965). Anoma-
lous concentrations of arsenic are found in stream-sediment
samples collected from Cinnabar Creek (Gray and others,
1991). Arsenic concentrations are highest in whole-body
and muscle samples of grayling collected from Cinnabar
Creek, averaging about 0.26 ppm, whereas whole-body and
muscle samples from Crooked Creek and the Buckstock
River average about 0.10 ppm As (table 1). In this study, all
_arsenic concentrations are well below the recommended
FDA action level of 50 ppm wet weight in fish muscle
(Crayton, 1990). Concentrations of Cd and Pb in the gray-

ling samples in this study are also low. Most muscle sam-
ples are below detection limits for Cd (0.06 ppm), although
liver samples from Crooked Creek and the Buckstock River
average about 0.4 ppm (table 1). All grayling samples con-
tain Pb below detection limits (0.3 ppm).

Heavy-metals such as Cu, Cr, Ni, Ag, Se, Sn, and Zn
can be of environmental concern. However, grayling samples
in this study typically contain low concentrations of these
elements (table 1). Although zinc is an essential element to
humans, it can be toxic to fish (Nriagu, 1980). Zinc concen-
trations observed in the Arctic grayling in this study range
from about 9 to 34 ppm. The concentrations for all these
heavy-metals are similar to those reported in other freshwater
fish in Alaska (Crayton, 1990; Snyder-Conn and others,
1992). These heavy-metals are often more concentrated in
liver samples, but are below FDA action levels.

STREAM-SEDIMENT SAMPLES

Minus-80-mesh stream-sediment samples collected
below Cinnabar Creek are anomalous in Hg, Sb, and As. All
stream-sediment samples collected from Cinnabar Creek
contain greater than 36 ppm Hg, which is the upper limit of
determination for Hg (table 2). Background mercury con-
centrations vary up to about 0.8 ppm in stream-sediment
samples collected from the region (Gray and others, 1992);
thus, the stream-sediment samples collected from Cinnabar
Creek are highly anomalous in mercury. Geochemical
dispersion patterns are observed for Sb and As in stream-
sediment samples collected from Cinnabar Creek; the stream-
sediment sample collected nearest the mine contains 23 ppm
Sb and 500 ppm As, and concentrations for both elements
decrease in stream-sediment samples collected further down-
stream (table 2). The stream-sediment samples do not contain
anomalous concentrations of Au, Ag, Cu, Pb, Zn, or Mo,
indicating the precious- and base-metal-poor nature of these
epithermal mercury-rich deposits.

Mercury concentrations are below background in the
two stream-sediment samples collected from Crooked Creek.
Stream-sediment sample 3062 contains 0.18 ppm Hg and
3063 contains 0.13 ppm Hg (table 2). No geochemical anom-
alies were identified in the stream-sediment sample collected
from the Buckstock River.

HEAVY-MINERAL-CONCENTRATE SAMPLES

Cinnabar is abundant in the nonmagnetic fraction of
the heavy-mineral-concentrate samples collected from Cin-
nabar Creek. The concentration of cinnabar in nonmagnetic
heavy-mineral-concentrate samples collected from Cinnabar
Creek decrease downstream from the mine, where concen-
trate samples collected closest to the mine contain greater
than 50 percent cinnabar (table 2), and concentrate samples



Table 2. Geochemical data for stream-sediment, heavy-mineral-concentrate, and stream-water samples collected from the Buckstock River (BR), Crooked Creek (CR),
and Cinnabar Creek (CC).

[Analysis of Hg in stream-sediment and stream-water samples by cold-vapor atomic absorption spectrophotometry (CVAAS); Hg in heavy-mineral-concentrate samples is an estimated percentage of cinnabar (cinn)
determined microscopically; Sb, As, Cd, Pb, Zn, Cu, and Ag in stream-sediment samples and Cd, Pb, Zn, Cu, Cr, Ni, Ag, and Sn in stream-water samples determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES); Cr, Ni, and Sn in stream-sediment samples and Sb, As, Cd, Pb, Zn, Cu, Cr, Ni, Ag, and Sn in heavy-mineral-concentrates determined by semiquantitative emission spectrography; Sb and As in
stream-water samples determined by atomic absorption spectrophotometry; concentrations are in ppm, unless otherwise listed; n.d., not determined]

Sample Media Hg Sb As Cd Pb Zn Cu Cr Ni Ag Sn
BR3069S  sediment <0.05 1.3 34 0.13 6.3 63 18 30 15 <0.067 <10
BR3069C  concentrate no cinn <200 <500 <50 <20 500 <10 200 10 <1 <20
BR3069W  stream water < .05 ppb n.d. n.d. <1 ppb <10 ppb 29 ppbb 44 ppb <1 ppb <5ppb <2 ppb <6 ppb
CR3062S  sediment .18 1.1 14 11 6.1 75 15 100 30 < .067 <10
CR3063S  sediment 12 1.4 20 12 6.1 77 16 200 50 <.067 <10
CR3062C  concentrate < 1% cinn <200 <500 <50 <20 500 <10 200 10 <1 <20
CR3063C  concentrate < 1% cinn <200 <500 <50 <20 500 <10 200 10 <1 <20
CR3062W  stream water < .05 ppb n.d. n.d. <1 ppb <10 ppb 7 ppb <10 ppb <1 ppb <5ppb <2 ppb <6 ppb
CR3063W  stream water < .05 ppb n.d. nd. <1 ppb <10 ppb <3 ppb <10 ppb <1 ppb <5ppb <2 ppb <6 ppb
CC0728 sediment >36 23 500 17 9.8 110 38 100 20 12 <10
CC1228 sediment >36 18 110 17 82 110 39 150 20 .08 <10
CC020S sediment >36 5 79 .18 9.8 110 42 150 30 12 <10
CCO073S sediment >36 3 61 17 8.6 110 43 150 50 .09 <10
CC123S sediment >36 2 37 17 8.2 100 33 100 30 12 <10
CC021S sediment >36 1 31 13 6.7 97 34 150 50 <.05 <10
CC072C concentrate >50% cinn 300 <500 <50 50 <500 100 2000 200 <1 <20
CC122C concentrate >50% cinn 300 <500 <50 70 <500 70 500 100 <1 <20
CC020C concentrate >50% cinn 300 <500 <50 70 <500 50 700 70 <1 <20
CCO073C concentrate >20% cinn <200 <500 <50 30 <500 50 500 100 <1 <20
CC123C concentrate > 5% cinn <200 <500 <50 20 <500 50 500 50 <1 <20
CCo021C concentrate > 1% cinn <200 <500 <50 30 <500 30 1500 100 <1 <20
CCO72W stream water .10 ppb 3.8 ppb 12 ppb <.lppb <2ppb < .01 2 ppb n.d. nd. .4 ppb n.d.
CC122w stream water .20 ppb 1.1 ppb 3.5 ppb <.lppb <2 ppb .01 <2 ppb n.d. nd. .2ppb n.d.
CC020W stream water .65 ppb 1.0 ppb 4.5 ppb <.lppb <2ppb < .01 <2 ppb n.d. n.d. 3ppb n.d.
CCO73W  stream water .30 ppb .40 ppb 2.6 ppb <.lppb <2ppb <.01 <2 ppb n.d. nd. 3 ppb n.d.
CCI123W stream water .10 ppb 1.0 ppb 2.4 ppb <.lppb <2 ppb .01 <2 ppb n.d. n.d. 2ppb n.d.
CCO2IW  stream water .75 ppb .20 ppb 2.0 ppb <.lppb <2 ppb <.01 <2 ppb nd. n.d. 2ppb nd.
CC931W stream water < .05 ppb nd. n.d. <1 ppb <10 ppb 4 ppb <10 ppb <1 ppb <5ppb <2 ppb <6 ppb
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collected farthest from the mine contain as little as 1 percent
cinnabar (table 2). Other sulfide minerals are uncommon in
these concentrate samples. The three nonmagnetic heavy-
mineral-concentrate samples closest to the mine contain
anomalous Sb (300 ppm), but the other concentrate samples
contain less than 200 ppm Sb. Other element anomalies were
not observed in concentrates collected from Cinnabar Creek.
‘ Minor cinnabar, less than one percent, was observed
in both of the nonmagnetic heavy-mineral-concentrate
samples collected from Crooked Creek. Two small gold
grains were identified in the concentrate collected about 8
miles (13 km) below the placer mining; no gold was found
in the other concentrate. No geochemical anomalies were
identified in the data from the concentrates collected from
Crooked Creek. No sulfide minerals or geochemical anom-
alies were found in the nonmagnetic heavy-mineral-con-
centrate sample collected from the Buckstock River.

STREAM-WATER SAMPLES

Mercury contents in the stream-water samples col-
lected from Cinnabar Creek vary erratically, ranging from
less than 0.05 to 0.75 ppb (table 2). The inconsistent mer-
cury results are probably related to the highly volatile na-
ture of mercury or possibly due to mercury sorption onto
iron and manganese hydroxides or organic matter. Stream-
water samples collected from Cinnabar Creek contain as
much as 12 ppb As and as much as 3.8 ppb Sb. Geochem-
ical dispersion patterns were observed for these elements
at Cinnabar Creek, although the concentrations decrease
rapidly downstream from the mine.

Mercury was below the detection limit of 0.05 ppb
in the two samples of stream water collected from Crook-
ed Creek, as well as in the stream-water sample collected
from the control site on the Buckstock River.

FDA action level for edible fish
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- Figure 2. Comparison of mercury concentrations in tissues of Arctic grayling collected from three study sites. Average values shown
for reference are Alaskan Arctic grayling (*) whole fish samples (Snyder-Conn and others, 1992) and (X) liver samples (Crayton,

1990).
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IMPLICATION OF THE
MERCURY RESULTS

Sample media collected from Cinnabar Creek have
the highest mercury concentrations observed in this study.
The creek drains the abandoned Cinnabar Creek mine that
contains abundant cinnabar and native mercury; this ore is
the source of the mercury in Cinnabar Creek. Mercury con-
centrations in Arctic grayling collected from Cinnabar
Creek are as much as 10 times higher than mercury concen-
trations in grayling collected from the Buckstock River that
drains an area with no known mineral deposits (fig. 2).
However, the mercury concentrations found in the fish from
Cinnabar Creek (0.24-0.55 ppm in whole body and muscle)
do not exceed the FDA action limit of 1 ppm wet weight
for edible fish (Federal Register, 1979). In addition, it is
important to note that the grayling sampled from Cinnabar
Creek were small; all fish weighed less than 45 grams. The
small fish size could be related to adverse environmental
conditions affecting the fish habitat and the long-term sur-
vivability of the grayling. The general condition of fish was
estimated using a condition factor (k), which is a ratio of
weight to length (table 1). The condition factors do not vary
significantly for grayling between the three sites, and ar-
gues against adverse conditions affecting fish health. These
results suggest that the small fish may not overwinter at
Cinnabar Creek. The condition factors for the fish studied
here are similar to those determined for other grayling in
Alaska (Glesne and others, 1985).

At Cinnabar Creek, the highest mercury concentrations
are found in the larger fish (probably the oldest fish), suggest-
ing increasing concentration of mercury in fish with age
(biomagnification); this is a commonly observed pattern
(Huckabee and others, 1979; Rada and others, 1986). The
approximate correlation of fish weight with higher mercury
concentrations suggests that if there are larger fish in Cinna-
bar Creek, they may contain higher mercury concentrations;
however, fish larger than those sampled could not be located.
Additional studies should be conducted on Cinnabar Creek
farther downstream to determine if larger fish, perhaps with
higher mercury concentrations, are present.

Mercury concentrations in Arctic grayling (0.11 to
0.30 ppm in muscle samples) collected from Crooked
Creek are as much as three times those of the control site
on the Buckstock River (0.077 to 0.10 ppm). However,
similar to fish from Cinnabar Creek, the mercury concen-
trations in grayling collected from Crooked Creek are sig-
nificantly less than the FDA action level for edible fish.
Grayling from Crooked Creek were collected below placer
mines. Mercury results presented in this study suggest no
significant adverse effects on fish in this drainage basin.

Although southwestern Alaska is sparsely populated,
subsistence fishing and hunting are common. Mercury
concentrations in grayling collected from the Buckstock

River, Crooked Creek, and Cinnabar Creek do not exceed
levels considered to be toxic to humans or aquatic organ-
isms, but any possible effect on higher order organisms
was not investigated here. Also of note is that Cinnabar
Creek, which contains fish with the highest mercury con-
centrations, is distant from human populations and is an
unlikely site for subsistence or sport fishing.

The pathway of mercury to the fish is unresolved at
the study sites. Stream-sediment samples collected from Cin-
nabar Creek are highly anomalous in Hg, but all stream-
water samples contain less than 1 ppb Hg. Stream-water
samples collected from Crooked Creek and the Buckstock
River contain less than 0.05 ppb Hg (table 2). These results
suggest that the transfer of mercury to fish in this region may
not be through stream water. Other possible mechanisms of
Hg transport to fish are adherence of particulate sediment to
mucus coverings and Hg absorbance through gill mem-
branes, or ingestion of Hg contaminated food or sediment
(Huckabee and others, 1979). Transfer of mercury to fish
through food sources has been noted in freshwater ecosys-
tems (Boudou and others, 1991). Insects, larvae, or small
fish are probable food sources. In several of the dissected
grayling, the stomach contents were predominately insects
(mostly flies), but these contents were not analyzed for Hg.
A food source pathway of Hg to the fish is likely assuming
that the larval stage of resident flies develops in place within
sediment enriched in Hg.

CONCLUSIONS

Mercury concentrations are found to be highest in
all sample media collected downstream from the Cinnabar
Creek mercury mine. Stream-sediment samples collected
from Cinnabar Creek exceed 36 ppm Hg and samples of
Arctic grayling whole fish and muscle range from 0.24 to
0.55 ppm Hg. Samples from Cinnabar Creek were collect-
ed below an abandoned mercury mine, which is the source
of the mercury in this drainage basin. Samples collected
from a control site on the Buckstock River generally con-
tain the lowest concentrations of mercury.

Samples of fish-liver tissue contain the highest con-
centrations of Hg and other heavy-metals; samples of whole
fish generally contain the lowest concentrations of heavy-
metals. All mercury concentrations determined for fish in
this study are below the FDA action level of 1 ppm wet
weight for edible parts of fish. Heavy-metals such as Cd, Pb,
Zn, Cu, Cr, Ni, As, Ag, Se, and Sn were also measured in
samples collected for this study. Concentrations for these
heavy-metals are typically low in the three areas studied.

Methylmercury is the most toxic form of mercury to
humans and aquatic organisms. Mercury analyses indicate
that at least 90 percent of the total mercury is methylmer-
cury, a form that accumulates in fish.
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High Arsenic Content in Sediments from the
Koyukuk National Wildlife Refuge,
West-Central Alaska

By Robert G. Eppinger, J.M. Motooka, and S.J. Sutley

ABSTRACT

An area with anomalously high arsenic in pond- and
stream-sediments was discovered during examination of
geochemical data for a large region of west-central Alaska.
The area lies within the Kateel River 1°x3° quadrangle, and
includes much of the Koyukuk Wilderness, within the west-
ern part of the Koyukuk National Wildlife Refuge. The
samples were collected and anatyzed in the late 1970’s dur-
ing the U.S. Department of Energy’s National Uranium Re-
source Evaluation. A subset of the samples was reanalyzed,
and these new data confirm the presence of high concentra-
tions of arsenic in the samples.

The Kateel River quadrangle lies near the center of the
Yukon-Koyukuk basin. Most of the Kateel River quadrangle
is covered by Quaternary flood plain and eolian deposits.
Bedrock exposures include Cretaceous marine and nonma-
rine sandstone, mudstone, siltstone, graywacke, and shale,
Jurassic to Cretaceous andesitic volcanic rocks, and Creta-
ceous to Tertiary minor syenite and granite bodies. There are
no reported mineral deposits or prospects in the quadrangle.

Thirty-four stream- and pond-sediment samples in the
quadrangle contained As concentrations above the 30 ppm
threshold value. All but nine of these samples define a large
As anomaly that encloses and extends south and east of the
Koyukuk Wilderness. Ten samples within the anomaly had
As values from 129 to 846 ppm. High Fe concentrations,
ranging from 8 to 33 percent, were found in 16 samples,
most lying within the area of the As anomaly. Samples within
the As anomaly also contain slightly anomalous Pb (13 sam-
ples, 24 to 372 ppm) and possibly anomalous Cd (8 samples,
5 to 28 ppm). However, these high Cd concentrations from
the original NURE data were not reproduced in our new
analyses and work is underway to resolve the discrepancy.
X-ray diffraction studies of samples with high As content
identified amorphous iron-oxides and organic material, but
no As-bearing species were found.

Arsenic is strongly adsorbed to iron-oxides, particu-
larly in areas of poor drainage, moderate to high precipita-

tion, and cool climate, where waterlogged soils and bogs
are present. Much of the Kateel River quadrangle fits this
description. The As may have been mobilized by reducing
ground water and precipitated onto iron-oxides in the sur-
face water. The present data preclude identifying the source
of the As. However, the As anomaly may reflect underlying
base- or precious-metal mineralization. Felsic intrusions are
present to the north, west, and east of the As anomaly.
Geophysical evidence suggests that additional intrusions
probably underlie the extensive Quaternary cover in the
area of the As anomaly.

It is unclear whether the anomalous As, slightly anom-
alous Pb, and possibly anomalous Cd in sediments pose an
environmental hazard to the area. The remoteness of the area
minimizes impact on humans by these elements. However,
the area should be investigated further with respect to bio-
availability of these elements to fish and wildlife within the
Koyukuk National Wildlife Refuge, and to determine metal
concentrations in vegetation, surface water, and groundwater.

INTRODUCTION

Examination of data from stream- and pond-sedi-
ment samples collected throughout west-central Alaska has
revealed the presence of high arsenic concentrations in
many samples from the Kateel River 1°x3° quadrangle.
The area with high arsenic in sediments includes much of
the Koyukuk Wilderness and surrounding area, which lie
within the western part of the Koyukuk National Wildlife
Refuge (fig. 1).

The area of anomalously high arsenic was discovered
during an examination of existing geochemical data for 20
1°x3° quadrangles in west-central Alaska. These data were
retrieved from the U.S. Geological Survey’s National
Geochemical Database and examined as part of a large-scale
assessment of the United States for undiscovered non-fuel
mineral resources (Barton and others, 1994). The stream-
and pond-sediment samples were collected in the late 1970’s
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during the U.S. Department of Energy’s National Uranium
Resource Evaluation (NURE). A subset of the NURE sam-
ples from the Kateel River quadrangle was reanalyzed as
part of this study, and these new data confirm the presence of
high concentrations of arsenic in the samples. The purpose
of this report is to document the presence of the large arsenic
anomaly and to suggest possible origins for it.

GEOLOGIC SETTING

The Kateel River quadrangle lies near the center of
the large, wedge-shaped Yukon-Koyukuk basin, which ex-
tends from the Ruby geanticline westward to the Seward
Peninsula. The Yukon-Koyukuk basin has five major geo-
logical components: (1) an arcuate belt of Middle Jurassic
to Early Cretaceous island arc-type volcanic and lesser in-
trusive rocks (Koyukuk terrane) exposed on structural

highs; (2) mid-Cretaceous terrigenous sedimentary rocks
filling smaller sub-basins that flank these volcanic and in-
trusive rocks; (3) large, mid- and Late Cretaceous, alkalic
to calc-alkalic, granitoid bodies that intrude both compo-
nents (1) and (2) in the northern part of the basin; (4) Late
Cretaceous and early Tertiary calc-alkalic volcanic rocks
distributed over all but the northwestern part of the region;
and (5) two Tertiary to Quaternary tholeiitic and alkali oli-
vine basalt fields that crop out in the western margin of
the basin (Patton and Box, 1989; Patton and others, in
press). The volcanic rocks in components (4) and (5)
transgress basin boundaries.

Most of the Kateel River quadrangle is covered by
Quaternary flood plain and eolian deposits (fig. 1). Bed-
rock exposures are confined largely to the western third of
the quadrangle (Patton, 1966). The southwestern quadrant
is composed of Cretaceous marine and nonmarine sand-
stone, mudstone, siltstone, graywacke, and shale. In the
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stream- and pond-sediment samples, Kateel River quadrangle, Alaska. Chemical analyses are by Los Alamos Scientific Laboratories
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southeastern corner of the quadrangle are isolated expo-
sures of undifferentiated nonmarine sedimentary rocks. Ju-
rassic to Cretaceous andesitic volcanic rocks crop out in a
large area in the northwestern part and as small isolated
bodies throughout the eastern half of the quadrangle. Two
intrusions, both of Cretaceous to Tertiary age, are exposed
in the quadrangle, a syenite at Roundabout Mountain, and
an albite granite near VABM Moon. Other unmapped gra-
nitic bodies may intrude andesitic volcanic rocks (Patton,
1966). Immediately north of the Kateel River quadrangle
are several large granitic intrusions that are part of a 500-
km-long plutonic belt of varied age and composition (Pat-
ton and others, 1968; Miller, 1989). Tertiary to Quaternary
olivine basalt crops out in the northwestern corner of the
quadrangle and is part of the Buckland River field (Patton
and Box, 1989).

There are no reported mineral deposits or prospects
in the Kateel River quadrangle. However, several small
base- and precious-metal lodes and one gold placer are
found peripheral to granitic intrusions immediately north
of the quadrangle (Cobb, 1972).

METHODS

In 1976, sediments were collected throughout west-
central Alaska from streams and ponds as part of the
NURE program. These samples were collected and ana-
lyzed under the direction of the Los Alamos Scientific
Laboratory (LASL). A total of 254 stream- and 399 pond-
sediment samples were collected in the Kateel River
quadrangle. These samples were subsequently sieved to
minus-100-mesh and analyzed for over 50 elements (in-
cluding Ag, As, Au, Ba, Bi, Cd, Cu, Fe, Mn, Pb, Sb, Se,
Sn, Th, U, W, and Zn) by neutron activation, emission
spectrography, and X-ray fluorescence. Details on the
techniques used for sample collection and field measure-
ments are found in Sharp and Aamodt (1978) and Sharp
(1978). Hardy and others (1982) provide a statistical sum-
mary and data listing for sediment samples from the Ka-
teel River quadrangle.

As part of the NURE program, unfiltered, acidified
stream, lake, and pond water samples were collected at
sediment sample sites. However, the water samples were
not analyzed for As, and no coherent patterns were ob-
served in plots of other elements. Thus, the water data are
not discussed here. A description of analytical techniques
and a listing of water data for the Kateel River quadrangle
are found in Arendt and others (1980) and Arendt (1981),
respectively.

After recognition of the high arsenic concentrations
in many of the NURE sediments, a subset of the original
samples was retrieved and reanalyzed. Thirty-three stream-
and pond-sediment samples, with LASL As concentrations
ranging from 30 to 846 ppm (parts per million), were re-

analyzed for Ag, As, Au, Bi, Cd, Cu, Mo, Pb, Sb, and Zn
by inductively-coupled-plasma atomic-emission spectrom-
etry (ICP-AES) using the procedure of Motooka (1988).
These new analyses, along with the original As, Cd, Fe,
and Pb analyses by LASL for the same samples, are pro-
vided in table 1. Additional analyses for Hg, low-level Au,
Cd, and several additional elements are in progress.

RESULTS

After inspection of histograms and percentiles from
the Kateel River LASL sediment data, single-element spa-
tial distribution maps were generated for As, Cd, Fe, and
Pb. Table 2 lists thresholds, concentration ranges, and per-
centiles for these elements. For comparison, the table also
lists world-wide average concentrations of these elements
in igneous and sedimentary rocks.

Thirty-four stream- and pond-sediment samples in
the quadrangle contained As concentrations above the 30
ppm threshold value. All but nine of these samples define
a large (about 2,400 km?) As anomaly that encloses and
extends south and east of the Koyukuk Wilderness (fig. 1).
Eleven samples contained As concentrations of 129 ppm
or higher, and eight of these samples had values above
250 ppm, the highest value being 846 ppm. Only 1 of the
11 samples, with an As value of 129 ppm, was collected
outside the large As anomaly.

Contained within the As anomaly are several sam-
ples with slightly anomalous concentrations of Pb. Sixteen
samples contained Pb concentrations from 24 to 372 ppm,
and all but three are from sites within the As anomaly
(fig. 1). However, only two samples contained anomalous
concentrations of both As and Pb. While the absolute Pb
values are not excessively high, the fact that nearly all the
samples with anomalous Pb concentrations lie within the
As anomaly is noteworthy.

High Fe concentrations, ranging from 8 to 33 per-
cent, were found in 16 samples; most of these samples lie
within the As anomaly (fig. 1). Iron is the only element
analyzed by LASL which correlates strongly with As (cor-
relation coefficient 0.75 based on 556 samples). All the
samples collected within 15 km of the Koyukuk Wilder-
ness with Fe contents greater than 11 percent also con-
tained anomalous As in the hundreds of ppm.

High As concentrations in the sediment samples were
confirmed in this study by ICP-AES (table 1). As expected,
the precise As values differ between LASL and our analy-
ses. However, the magnitudes of concentrations are the
same for all the samples that were reanalyzed. Similarly,
the two LASL samples containing anomalous concentra-
tions of both As and Pb (table 1, nos. 424761 and 424791)
contained comparable As and Pb concentrations in the re-
analysis. No other high-Pb samples were included in the
reanalyzed set of samples.



Table 1. Analytical data for selected minus-100-mesh stream- and pond-sediment samples containing anomalous As concentrations in analyses by Los Alamos Scientific
Laboratories (LASL) and reanalyzed in this study.

[All values in parts per million, except Fe (percent); N, not detected; LASL analyses by energy-dispersive X-ray fluorescence, except Fe (instrumental neutron-activation); USGS analyses by inductively-coupled plasma
atomic-emission spectrometry; detection limits listed below element; elements not detected in this study: Au (detection limit, 0.30 ppm) and Bi (2.0 ppm)]

Sample Latitude Longitude  Ag, USGS  As, LASL  As,USGS Cd,LASL Cd,USGS Fe,LASL  Cu,USGS Mo, USGS Pb,LASL  Pb,USGS Sb,USGS  Zn, USGS

0.20 5 2.0 5 0.15 0.05 0.06 0.18 5 2.0 2.0 0.06
403742 65.2133 158.1 N 66 52 N 0.76 6.697 23 1.1 6 19 N 95
403895 65.4733 158.8967 N 129 110 5 0.69 4.19 24 3.8 N 13 N 37
406492 65.7139 158.6236 N 46 30 N 0.52 5.906 20 1.5 N 15 N 76
424478 65.0958 157.7547 N 46 47 N 0.33 6.057 27 0.64 N 9.4 N 64
424495 65.1989 157.3817 N 40 30 N 0.47 3.253 27 25 11 13 N 43
424590 65.5764 156.1322 0.22 30 24 N 0.77 9.241 62 1.5 13 23 N 110
424594 65.6406 156.0703 0.22 46 34 N 0.92 7.925 61 4.0 17 26 N 110
424596 65.6822 156.0325 0.22 32 21 N 0.67 11.06 54 23 10 23 N 110
424657 65.7528 156.7039 N 48 35 N 0.82 5.903 27 1.5 N 10 N 62
424706 65.6175 157.5961 N 846 670 10 3.1 2274 7.4 15 N 26 N 22
424717 65.8128 157.7367 N 171 160 5 4.1 11.66 21 1.3 14 36 N 57
424746 65.7683 157.1278 N 46 38 N 1.5 2.427 15 2.7 7 12 N 25
424747 65.7931 157.1378 N 63 48 N 1.2 3.088 12 1.5 7 13 N 32
424761 65.6492 157.4778 N 49 41 N 7.1 1.997 82 3.4 62 58 N 32
424763 65.5794 157.3456 N 413 340 N 0.2 11.15 6.0 14 N 25 N 24
424764 65.5617 157.3503 N 34 27 N 0.79 6.561 46 1.6 13 18 N 92
424765 65.5636 157.4694 N 137 110 N 0.2 5.34 10 1.7 N 6.2 N 36
424766 65.5739 157.4203 N 46 37 N 0.19 3.864 11 1.7 N 4.0 N 38
424767 65.4944 157.3697 N 30 17 N 0.62 5.365 47 1.7 14 19 23 99
424783 65.7247 157.4181 N 338 260 N 0.67 7.348 5.6 1.8 N 22 N 11
424789 65.6692 157.0106 N 771 690 13 0.88 18.05 6.4 1.5 N 42 N 24
424790 65.6478 157.0439 N 252 190 N 0.78 4.186 7.6 6.0 N 73 N 45
424791 65.6022 157.0417 0.24 35 25 N 1.5 4.528 86 29 24 28 2 130
424794 65.59 156.8717 N 35 24 N 0.72 5.396 56 1.8 22 24 2.3 110
424803 65.5825 156.625 N 836 860 13 0.37 25.47 11 42 N N N 22
424824 65.5414 156.7322 N 42 36 N 0.56 4.095 30 1.6 5 15 N 72
424836 65.4122 157.4831 N 30 24 N 0.51 4.53 41 1.7 9 21 N 91
424840 65.3358 157.5103 N 93 84 N 0.48 8.442 37 6.2 N 12 N 73
424841 65.3836 157.5064 N 33 28 N 0.54 3.771 43 46 N 13 N 55
424842 65.3414 157.3836 N 630 540 N N 15.18 27 1.1 N N N 42
424847 65.3619 157.1669 N 65 63 N 0.38 3.615 19 24 5 10 N 38
424848 65.3544 157.1003 N 596 670 21 N 32.78 3.0 0.86 N N N 17
424851 65.3761 156.9192 N 34 29 N 0.86 3.073 62 45 11 19 N 100

—
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Table 2. Thresholds, ranges in concentration, and percentiles for As, Cd, Fe, and Pb in NURE stream- and pond-sediment samples,
compared to world-wide average concentration ranges for igneous and sedimentary rocks.

[NURE samples collected and analyzed by Los Alamos Scientific Laboratories; » indicates the number of unqualified values for each element; As, Cd, and Pb analyzed by
energy-dispersive X-ray fluorescence; Fe analyzed by instrumental neutron activation; N(5), not detected at 5 ppm lower detection limit; average range in igneous rocks is
for ultramafic, mafic, and granitic rocks; average range in sedimentary rocks is for limestone, shale, and sandstone; average ranges are from Rose and others, 1979]

Percentiles

Element n Threshold Equivalent Number of Anomalous concentration Average range Average range in
° percentile  anomalous samples range Soth 75t 95th in igneous rocks  sedimentary rocks

As,ppm 556 30 95th 34 30-846 10 14 30 1-2 1-12

Cd, ppm 13 5 98th 13 5-28 N(5) N(5) N(5) 0.1-0.2 0.03-0.3

Fe, pct 651 8 97.5th 16 8-33 4 46 6.7 14-94 0.3-4.7

Pb, ppm 442 24 97.5th 16 24-372 7 10 19 1-18 5-25

Anomalous Cd, ranging from 5 to 28 ppm, was
found by LASL in 13 samples; 8 were within the As anom-
aly. Six of these eight samples were included in the group
for reanalysis. There is generally poor agreement for Cd
between LASL and our analyses (table 1). The reason for
this analytical discrepancy is unclear; possibilities include
analytical interference (high Fe?), sample digestion prob-
lems, or total versus partial analytical methods. The sam-
ples are being reanalyzed for Cd to resolve this problem.

Eight sediment samples containing the highest As
content were analyzed by X-ray diffraction to determine
mineral phases. Generally, all the patterns were poor, due
to the predominance of amorphous organic material and
iron-oxides. Minerals identified include quartz, siderite,
calcite, orthoclase, albite, kaolinite, maghemite, and possi-
bly goethite. No As-bearing species were found.

CONCLUSIONS

The strong association between high Fe content and
anomalous As is not unusual. Arsenic is strongly adsorbed
to iron-oxides, more so than many other elements affected
by sorption (Nowlan, 1976). This process is enhanced in
areas of poor drainage, moderate to high precipitation, and
cool climate, where waterlogged soils and bogs are present
(Rose and others, 1979). More than half of the Kateel
River quadrangle fits this description. The As may have
been mobilized by reducing ground water and precipitated
onto iron-oxides in the surface water. A similar mecha-
nism was postulated for natural arsenic enrichment in sed-
iments from Scotland by Farmer and Lovell (1986).

The present data preclude identifying the source of
the As. Arsenic is associated with a variety of base- and
precious-metal deposits and is commonly used as a path-
finder element because of its mobility under a variety of
conditions. The As anomaly and the coincident, albeit
lower-level, Pb anomaly may reflect underlying base- or
precious-metal mineralization. The ferromagnetic ferric
oxide maghemite is found principally as an alteration prod-

uct after magnetite. Interestingly, maghemite is commonly,
although not exclusively, found in gossans (Palache and
others, 1944).

Bodies of granite, quartz monzonite, granodiorite,
alaskite, and syenite are present to the north, west, and
east of the large As anomaly. A total magnetic intensity
map of the Kateel River quadrangle (Union Carbide Cor-
poration, 1981) reveals numerous high-amplitude, high
and low magnetic anomalies underlying areas of exposed
Jurassic and Cretaceous volcanic rocks and the large area
of Quaternary cover, including the As anomaly. In this part
of the Yukon-Koyukuk basin, Cady (1989) interprets mag-
netic highs as indicators of magnetic andesitic rocks and
magnetic lows as indicators of granitic plutons. Thus, ad-
ditional concealed igneous bodies probably underlie the
extensive Quaternary cover and could have provided heat
and metal sources for deposits manifested by the surface
As anomaly.

The Environmental Protection Agency lists several
toxic elements, including As, Pb, and Cd, as of particular
concern for health and environmental issues. While high-
ly anomalous As, slightly anomalous Pb, and possibly
anomalous Cd have been found in pond and stream sed-
iments from the Koyukuk Wilderness and surrounding ar-
eas, it is presently unclear whether these elements pose
an environmental hazard to the area. Certainly, the re-
moteness of the area minimizes impact on humans by
these elements. However, the area should be investigated
further with respect to bioavailability of these elements
to fish and wildlife within the Koyukuk National Wildlife
Refuge, and to determine metal concentrations in vegeta-
tion, surface water, and groundwater. This area may be
useful as a natural laboratory containing elevated As con-
centrations in sediments.
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Environmental Geochemistry of Mesothermal
Gold Deposits, Kenai Fjords National Park,
South-Central Alaska

By Barrett A. Cieutat,1 Richard J. Goldfarb, J. Carter Borden, John McHugh, and Cliff D. Taylor

ABSTRACT

Stream water samples were collected at 16 sites
below and near 3 developed, mesothermal gold vein oc-
currences of the Nuka Bay mining district in Kenai Fjords
National Park. Occurrences are largely hosted by meta-
graywacke of the Valdez Group; one prospect is located in
a felsic dike. The ore veins typically contain 1 to 3 percent
by volume pyrite and arsenopyrite, and range from thin
stringers to 3 m in width. They have been developed by a
number of small adits and surface diggings.

Background metal concentrations of <0.05 ppb Ag, <2
ppb As, <1 ppb Cd, <1 ppb Cu, <10 ppb Fe, <1 ppb Sb, and
3 to 6 ppb Zn characterize waters that drain metasedimentary
rocks of the Valdez Group. In a small basin containing
undeveloped sulfide-bearing quartz veins, arsenic concentra-
tions are elevated to 6 ppb. Immediately downstream of
surface workings and at the mouth of the adits, metal con-
centrations are as great as 130 ppb As, 2 ppb Sb, and 40 ppb
Fe. These anomalous concentrations are rapidly diluted
downstream to background levels; no elevated metal values
are detected beyond 500 m from any of the three occurrences.
Small-scale lode gold mining in the Kenai Mountains may
not have significant impact on water quality.

INTRODUCTION

‘ During the summer of 1993, hydrogeochemical sam-
ples were collected from surface waters near three devel-
oped mesothermal gold vein deposits within Kenai Fjords
National Park. The purpose of this sample collection was
to detect any effect on water quality directly resulting
from small-scale mining activity. A second objective of

!Present address: ERM-Southwest Inc., 3501 N. Causeway Blvd.,
Suite 200, Metairie, Louisiana 70002.

the study is to determine natural baseline levels for envi-
ronmentally sensitive metals in surface waters that have
reacted with such metal-bearing vein systems.

Mesothermal gold vein occurrences are widespread
within the accreted and regionally metamorphosed terranes
of the southern Alaskan Cordillera (Goldfarb and others,
1986). Small gold mines (generally less than 5,000 to
10,000 ounces of total production), such as those in the
Nuka Bay area of Kenai Fjords National Park, are com-
mon throughout much of the Kenai and Chugach Moun-
tains of south-central Alaska and the Alexander
Archipelago of southeastern Alaska. The results of this
site-specific study could aid environmental assessment and
land use planning decisions within the mountainous re-
gions rimming the Gulf of Alaska, including lands of the
Tongass and Chugach National Forests.

GEOLOGIC SETTING

The Nuka Bay gold district is located on the eastern
side of the southern Kenai Mountains, approximately 55
km east of the town of Homer (fig. 1). Gold-bearing
quartz veins in the district have most recently been de-
scribed by Richter (1970) and Borden and others (1992).
The veins were discovered in the early 1900’s, and peak
mining activity occurred in the 1930’s. Dollar estimates by
Richter (1970) suggest that combined gold production to-
taled about 5,000 to 6,000 oz. from 5 mines. There has
been no recorded production from any of the mines for the
past 50 years. However, recent claim work has been con-
ducted at the Goyne prospect, Sonny Fox mine, and Little
Creek prospect (fig. 1). These claims remain active within
the Kenai Fjords National Park because they existed prior
to the 1980 establishment of the park. A large dump exists
adjacent to the adit at the Sonny Fox mine; numerous
structures occur adjacent to the workings at both the
Sonny Fox mine and Little Creek prospects.
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The Nuka Bay mining district is mainly underlain
by metagraywacke and slate of the Upper Cretaceous
Valdez Group. Tertiary granodioritic dikes and, less com-
monly, sills, cut the metasedimentary rocks in many areas
of the district. Most gold-bearing quartz veins in the re-
gion are preferentially hosted by the metagraywacke, al-
though veins at the Goyne prospect are largely restricted
to a chloritized granodiorite dike (Richter, 1970).

The largest gold-bearing quartz veins in the district
are about 100 m long and 3 m wide. Veins typically con-
tain 1 to 3 percent sulfides and a few percent carbonate
minerals. Samples of the most sulfide-rich vein material
from the district have a metal content of up to 30 percent
Fe, 8.7 percent As, 2 percent Pb, 0.65 percent Zn, 0.10
percent Cu, 300 ppm Sb, 304 ppm Au, 200 ppm Ag, 200
ppm Co, 220 ppm Cd, 19 ppm Te, and 7.6 ppm Hg (Bor-
den and others, 1992). These analyses reflect an arse-
nopyrite- and pyrite-dominant sulfide assemblage in the
veins. Lesser chalcopyrite, sphalerite, galena, and free
gold, with rare tetrahedrite, covellite, chalcocite, sylva-
nite, native silver, and native copper, have also been
noted in veins in the district (Smith, 1938; Borden and
others, 1992). Carbonatization and silicification of wall-
rocks adjacent to the auriferous veins is a common alter-
ation feature.
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FIELD AND ANALYTICAL METHODS

Water samples were collected in drainage basins
containing the three recently active mines and prospects in
the Nuka Bay district (fig. 24, B). At the Little Creek
prospect, samples were collected in (1) a 2-m-wide stream
located 100 m west of the prospect and containing miner-
alized vein float but no upstream workings (sample site 1,
fig. 2), (2) a small, less than 0.5-m-wide rill located about
6 m downstream from a large, decaying building that sits
against the south edge of the mineral deposit (sample site
2, fig. 2), and (3) Ferrum Creek, at locations approximate-
ly 200 m upstream (sample site 3, fig. 2) and 500 m
downstream (sample site 4) from the junction with the
channel draining the prospect. Ferrum Creek is 8§ to 10 m
wide, with depths of up to 1 m. The creek has a high ve-
locity and carries a moderate suspended load, reflecting
upstream glacial erosion. Near the Sonny Fox mine, five
samples were collected over a distance of 0.5 km along a
small, unnamed creek between the mine portal and Bab-
cock Creek (sample sites 5-8 and 10, fig. 2), one sample
was collected on an adjacent rill (sample site 9, fig. 2),
and two samples were located on Babcock Creek (sample
sites 11 and 12, fig. 2). Babcock Creek is 5 to 7 m wide,
up to 1 m deep, and contains little suspended material. At
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Figure 1. Location of studied gold occurrences of the Nuka Bay district, Kenai Fjords National Park.
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the Goyne prospect, samples collected included effluent
dripping from a sulfide-rich fracture within the adit (sam-
ple site 13, fig. 2), a small stream flowing directly over the
top of the adit (sample site 14, fig. 2), and two small
streams about 200 m north and spatially removed from the
deposit (sample sites 15 and 16, fig. 2).

Water temperature and pH were measured at each
site. Two 60-ml water samples were collected in polyeth-
ylene bottles at all locations; both stream-water samples
were filtered through a 0.45-micron membrane filter, and
one was acidified with reagent-grade concentrated nitric
acid to a pH of less than 2.

Each acidified-water sample was analyzed for calci-
um, iron, magnesium, potassium, manganese, sodium, and
zinc, using flame atomic-absorption spectrophotometry
(Perkin-Elmer Corp., 1976). The samples were analyzed
for antimony, arsenic, cadmium, cobalt, copper, lead, and
silver, using flameless atomic-absorption spectrophotome-
try (Perkin-Elmer Corp., 1977). Chloride, nitrate, and sul-
fate concentrations were determined in unacidified water
samples using ion chromatography (Fishman and Pyen,
1979). These samples were also analyzed for conductivity
using a standard meter and for alkalinity by titration. The
results of these analyses are given in table 1. All measure-
ments were below the lower determination limits for Ag
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Sonny Fox mine qg‘#‘

B *0\
§
§
EXPLANATION
Goyne 1 )
prospect Ax1S @ Sample site
M Structure

AQ Prospect or mine
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Figure 2. Location of stream-water sample sites near (A) Little
Creek prospect and (B) Sonny Fox mine and Goyne prospect.

(50 ppt), Cd (1 ppb), Co (1 ppb), and Mn (10 ppb) and,
therefore, have been omitted from the table of results.

RESULTS OF ANALYSES
LITTLE CREEK PROSPECT

Water chemistry at site 3 on Ferrum Creek, upstream
from any influx due to known mineral occurrences, char-
acterizes local background metal concentrations for this
area. The resulting data indicate that surface waters in
drainage basins underlain by rocks of this part of the Val-
dez Group may contain background concentrations of
about <0.05 ppb Ag, 2 ppb As, <10 ppb Fe, 6 ppb Zn, <1
ppb Pb, Cd, Sb, and nitrate, 0.4 ppm chloride, and 0.7
ppm sulfate. The conductivity and alkalinity were 37 ppm
and <10 mg/l as CaCO;, respectively, and the water pH
was 7.43. As with many of the streams in this part of the
Kenai Mountains, a large percentage of the discharge is
derived from glacial melt. Therefore, concentrations are
significantly lower for many elements in Ferrum Creek in
comparison to waters from other streams near the Little
Creek prospect (such as at sites 1 and 2) that have mainly
formed via ground water discharge.

Water collected from site 1, located immediately
west of the prospect, drains a small watershed that contains
no mine workings but some auriferous veins. The resulting
data (table 1) provide a baseline chemical signature for wa-
ters that have interacted with small and undeveloped vein
occurrences. The sample from site 1 contains 6 ppb As and
is enriched relative to a baseline concentration of 2 ppb in
Ferrum Creek (site 3). This reflects interaction between
waters and arsenopyrite in the quartz veins and in adjacent,
altered wall rocks. None of the base-metal concentrations
at site 1 were elevated above background levels defined at
site 3. However, at site 1, concentrations of the major cat-
ions (Ca, K, Mg, Na) and anions (Cl, NO3, SO,4) were
notably higher, and the pH of 7.98 was slightly higher. The
increased pH may have resulted in part from an increased
alkalinity in the water due to its reaction with the carbon-
ate-dominant alteration assemblage surrounding the quartz
veins. Much of the difference, though, is believed to reflect
the different water sources. Glacial-melt water clearly ac-
counts for most of the discharge at site 3, whereas at site 1
it is largely a product of ground water influx from higher
elevations.

The water sample collected immediately down-
stream from the main workings (site 2) is characterized by
concentrations of 130 ppb As and 2 ppb Sb. The arsenic
concentration is the highest arsenic value detected in this
study. Surprisingly, although both arsenopyrite and pyrite
are abundant upstream, there is no iron enrichment in the
water at site 2. Perhaps iron is rapidly precipitated as Fe-
hydroxides subsequent to dissolution of sulfide minerals,
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Table 1. Analytical data for hydrogeochemical samples.

[As, Cu, Fe, Pb, Sb, and Zn are in ppb; other dissolved species are in ppm except for alkalinity which was measured as mg/l as CaCOj3_ T, temperature in degrees Celsius]

Site T pH As Cu Fe Pb Sb Zn Ca K Mg Na  Conductivity  Chloride  Nitrate Sulfate Alkalinity
Little Creek Prospect
1 8 798 6 <1 <10 <l «l1 8 10 0.1 0.1 1.7 120 1.44 0.62 3.61 27
2 12 781 130 <1 <10 <1 2 6 15 0.2 03 2.0 85 2.05 2.64 4.23 19
3 4 743 2 <1 <10 <l <1 6 2.3 01 <01 0.6 37 0.43 <1.0 0.76 <10
4 4 1735 2 <1 <10 <l <1 3 23 01 <01 0.6 24 0.40 <10 0.73 <10
Sonny Fox Mine
5 11 7.74 2 <1 <10 <l «1 4 8.4 01 <01 14 50 0.96 <1.0 3.03 25
6 4 772 10 <1 <10 <1 2 5 15 01 <01 1.7 64 1.44 0.71 5.27 40
7 6 743 6 <1 <10 <1 1 5 14 01 <01 1.7 52 1.30 0.60 4.57 35
8 7 1714 4 <1 10 <l «l1 2 11 01 <01 1.7 61 1.30 <1.0 3.86 33
9 12 739 1 <1 <10 <l «l1 4 8.8 01 <01 1.3 74 0.87 <1.0 3.08 21
10 12 738 1 «1 10 <1 <1 4 9.0 01 <01 14 65 0.90 <1.0 3.18 25
11 6 708 1 <1 10 <l <1 3 3.0 <0.1 <0.1 0.7 46 0.65 <10 0.88 15
12 6 728 <1 <l 10 <l <1 3 3.0 01 <01 0.8 20 0.65 <1.0 0.79 13
Goyne Prospect
13 8§ 704 40 2 20 1 «1 8 29 01 <01 11 19 0.42 0.85 0.75 13
14 12 639 <1 «1 40 1 «1 6 08 <0.1 <0.1 0.9 14 0.32 0.54 <1.0 <10
15 12 7.26 3 <1 <10 <l «l1 6 54 0.1 <0.1 1.2 33 0.62 0.70 1.13 19
16 12 767 <l 1 <10 <l <1 4 10 0.1 <0.1 1.8 62 0.84 0.71 2.82 40

whereas arsenic remains soluble. Major ion concentrations
and pH values in water from site 2 are similar to those in
water from site 1 and are notably greater than values in
water collected from Ferrum Creek (site 3).

The high arsenic and antimony values found in the
water samples collected below the Little Creek prospect
(site 2) are no longer detectable when flow enters the main
valley drainage. Data for a sample collected on Ferrum
Creek downstream from the confluence (site 4) are essen-
tially identical to those from the sample upstream from the
confluence (site 3). These data indicate that the mine efflu-
ent is diluted to background levels after entering Ferrum
Creek.

SONNY FOX MINE

Data from samples collected below the Sonny Fox
mine (sites 5-12) show the same general trends as noted
for those from the Little Creek prospect. Maximum values
of 10 ppb As and 2 ppb Sb were determined for the sam-
ple of effluent collected from the mine portal (site 6).
Anomalous arsenic can be traced downstream for about
500 m before dilution causes concentrations to drop to
background levels of 1 to 2 ppb As (sites 7, 8, and 10).
The highest values for Na, Ca, pH, chloride, nitrate, sul-
fate, and alkalinity were found in the sample of effluent

collected nearest the mine (site 6). Dilution from the influx
of unexchanged surface water occurs downstream. Gla-
ciers are not present in the headwaters of Babcock Creek;
however, an influx of water from snow melt was observed
throughout the drainage basin. The concentrations of most
dissolved species in the two water samples collected from
Babcock Creek (sites 11 and 12) are identical to those in
Ferrum Creek (sites 3 and 4), suggesting similar back-
ground concentrations of metals in water from both areas.

GOYNE PROSPECT

Different trends were noted in the data from water
samples collected near the Goyne prospect (sites 13-16).
Water emanating directly out of the main vein in the adit
(site 13) contains 40 ppb As. But unlike waters collected
nearest the Little Creek prospect and Sonny Fox mines
(sites 2 and 6), water collected at the Goyne prospect (site
13) lacks anomalous concentrations of Sb and contains
higher concentrations of Fe (20 ppb) and Pb (1 ppb). In
addition, a stream flowing directly on top of the ore (site
14) contains 40 ppb Fe. The iron and lead enrichments
possibly reflect the greater solubility of these species due
to the slightly lower pH of the water at sites 13 and 14
(7.04 and 6.39, respectively). Two small creeks about
200 m north of the Goyne prospect (sites 15 and 16) con-
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tain background amounts of arsenic (<1-3 ppb), lead (<1
ppb), and iron (<10 ppb).

Data also indicate a very low content of total dis-
solved species in the two water samples from the Goyne
prospect (sites 13 and 14). The reason for the relatively
low cation and anion content, as well as the acidic pH, in
waters at this prospect is uncertain. These results are pos-
sibly related to the host igneous dike, whereas the veins at
the Little Creek prospect and Sonny Fox mine are hosted
by metasedimentary rocks. The igneous host rocks may
have a somewhat lower acid-buffering capacity than the
sedimentary rocks. The dike at the Goyne prospect is com-
posed of at least 50 percent sodic andesine, with lesser
potassium feldspar and quartz (Richter, 1970). Such a
composition may not have been as amenable as that of the
metagraywackes to extensive formation of Fe-, Mg-, and
Ca-rich carbonate alteration.

ENVIRONMENTAL IMPLICATIONS

The hydrogeochemical data show that mine drainage
waters below mesothermal gold veins in Kenai Fjords Na-
tional Park have compositions that are in part a function of
ore deposit geology. In a small drainage basin with undevel-
oped vein occurrences, the surface waters show an increase
in arsenic from <3 ppb to 6 ppb. Concentrations of as much
as 130 ppb arsenic in waters draining mine workings of this
mineral deposit type reflect the arsenopyrite-dominant min-
eral assemblage. This extremely high arsenic value in one of
the most alkaline waters in this study is believed to reflect a
decreased sorption of arsenic on particulates at high pH
(Smith and others, 1993). Alternatively, especially given the
large volume of suspended matter noted during collection of
this sample, arsenic might have been adsorbed onto colloi-
dal material of <0.45 microns. Slight increases in antimony
concentrations in alkaline waters and iron and lead in more
acidic waters is also characteristic of the mine drainage.

The mesothermal gold deposits in south-central Alas-
ka, although of high grade, are typically of low tonnage.
Therefore, the chemical signatures of the ore deposit are
very localized. Anomalous concentrations of arsenic and
other heavy-metals in waters were found in small drainages
immediately below mineral occurrences; mine drainage ef-
fluent is diluted rapidly downstream. During the summer,
when glacial and snow melt runoff are at their maximum, no
significant input of heavy-metals was detected in stream
waters beyond about 500 m from the mine workings. Even
where abundant metallic debris litters the landscape adja-

cent to mine workings and mine dump materials have been
spread out along stream valleys, no adverse effects on dis-
solved stream load were detected in higher-order trunk
streams. Unless significantly higher percentages of sulfide
materials are present in veins or in associated dumps, or
lesser carbonate minerals are available to prevent buffering
of effluent from the deposits, our data suggest that small-
scale mining of mesothermal gold veins along the northern
Gulf of Alaska may not have a significant effect on surface-
water quality. However, additional data collected during the
fall and winter are required to determine if little impact is
also characteristic of periods of low surface discharge.
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Paleowind Directions for Late Holocene Dunes
on the Western Arctic Coastal Plain,
Northern Alaska

By John P. Galloway and L. David Carter

Late Holocene stabilized longitudinal and parabolic
dunes occur across much of the western Arctic Coastal Plain
except for river flood plains and terraces (fig. 1, Galloway
and Carter, 1993). Parabolic dunes are excellent indicators
of wind direction, because they form downwind of a local
sand source and do not migrate (Pye and Tsoar, 1990). The
approximate direction of the wind that formed a parabolic
dune can be determined by measuring the orientation of the
dune’s long axis, which is a line that bisects the angle formed
by the dune arms. The open end of the parabolic dune

158° 154°

indicates the upwind direction. Longitudinal dunes are linear
sand ridges aligned parallel with the predominant winds;
they usually have longitudinal axes within 15° of the strong-
est wind direction. The utility of longitudinal dunes for
determination of wind direction is controversial (Tseo,
1993). For the Arctic Coastal Plain, however, the orientation
of longitudinal dunes generally parallels the long axes of
parabolic dunes. Thus, we assume that the orientations of
longitudinal dunes in this region are parallel to the winds
that formed them. This paper uses measurements of the

150°

I T T

71°

70°

69° |~

] L |

ARCTIC OCEAN

' EXPLANATION

- Late Holocene longitudinal
and parabolic dunes

(A) Location of aerial photographs
used to determine dune orientations
(see fig. 2 and table 1)

Oliktok

Boundary between Arctic
Coastal Plain (north) and
Arctic Foothills (south)

Figure 1. Distribution of stabilized longitudinal and parabolic dunes and locations mentioned in text.
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Table 1. Summary of mean azimuth for stabilized parabolic and longitudinal dunes.

Types of Dunes

Parabolic Dunes

Longitudinal Dunes

East opening West opening
Location . . . . . .
(sce fig. 1) Number Mean azimuth  Outside 1o Number Mean azimuth Outside 16 Number Mean azimuth Outside 16
A 16 69°% 9° 3 1 73° - 44 70°+ 14° 13
B 50 76°+ 9° 12 4 75° £ 12° 1 75 70°+11° 17
C 3 79°% 2° 1 1 82° - 36 78°+ 6° 10
D 12 71 £7° 6 - - - 127 71°£7° 27
Total or
average 81 74 £9° 22 6 76 + 10° 1 282 71 £10 67
azimuth

orientations of longitudinal dunes and the line that bisects
the arms of parabolic dunes to determine late Holocene wind
directions, and compares these orientations to those of mod-
ern sand-moving winds.

A description of the dunes, together with radiocar-
bon ages for paleosols associated with them, was given by
Galloway and Carter (1993). They described the dunes as
15 to 40 m wide, and averaging 600 to 835 m long, de-
pending on location within the dune field. Most dunes are
1 to 3 m thick, and the density of dunes ranges from a few
to more than 275 per 100 km?. Radiocarbon ages for the
associated paleosols show that the dunes were active dur-
ing several late Holocene episodes of landscape instability.

Three hundred and sixty-nine measurements (table 1)
were made of dune axes for stabilized parabolic and longi-
tudinal dunes in four areas that we judged to be representa-
tive of the dune field (fig. 1). The measurements were made
on black and white aerial photographs taken in 1955.
Eighty-seven (24 percent) of the measured dunes are para-
bolic dunes that give unequivocal evidence for the direction
of the winds that formed them. Ninety-three percent of
these parabolic dunes were formed by northeasterly winds
and have long axes whose azimuths average 74 degrees
(fig. 2). This azimuth is nearly identical (76°) to the average
azimuth for the remainder of the parabolic dunes, but these
dunes were formed by southwesterly winds that were ap-
proximately 180 degrees opposed to the northeasterly
winds. This indicates a bimodal regime of sand moving
winds, with most sand movement being accomplished by
the northeasterly winds.

The mean azimuth for the long axes of all 282 of the
longitudinal dunes is 71 degrees, which is essentially par-
allel to the long axes of the parabolic dunes (fig. 2). Twen-
ty-four percent of the longitudinal dunes have long axes
that are not encompassed by 16 from the mean azimuth.
The longitudinal dunes could have been formed by north-
easterly winds, southwesterly winds, or winds from both

directions. Their orientations are therefore compatible with
the bimodal wind regime indicated by the parabolic dunes.

To compare this late Holocene, bimodal dune-form-
ing wind regime with modern winds that are capable of
moving sand, we used surface wind observations obtained
from the National Climatic Data Center, Asheville, North
Carolina. Surface wind data are available for two coastal
locations on the Arctic Coastal Plain in the vicinity of our
study area; Barrow and Oliktok (fig. 1). To determine the
potential for eolian sand movement at these two locations
we used the method described by Fryberger (1979), which
determines potential sand drift for the 16 compass direc-
tions. This method considers only wind speeds greater than
5.7 m/s, which is the threshold wind velocity for the move-
ment of medium sand. Cumulative curves for 20 samples of
eolian sand from the Pleistocene dunes that underlie and
are the main source of sand for the late Holocene dunes
(Galloway, 1982) indicate that 90 percent of the sand is
capable of being transported at a velocity of 5.7 m/s.

Our calculations from annual percentage frequency of
wind directions for the two coastal sites (Barrow and Oliktok)
show east-northeast (ENE.) and east (E.) as the dominant
sand-moving winds, followed by northeast winds (NE.) with
west-southwest (WSW.) as a secondary minor wind direction
(fig. 3). In an earlier study, Black (1951, p. 93) stated that
“numerous oriented lakes and dunes throughout the coastal
plain show that these maximum winds are just as consistent
and effective inland and that slightly more erosion is pro-
duced by the easterly (65° to 80°) than by the westerly winds
(245° to 260°).” Modern blowouts (deflation hollows) in the
region also indicate a bimodal wind regime of ENE-WSW,,
with the majority of the blowouts produced by easterly winds.

These measurements, calculations, and observations
indicate that the paleowinds responsible for formation and
modification of the now stabilized, late Holocene dunes had
the same directional regime as the modern sand-moving
winds. Earlier studies showed that these late Holocene dunes
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Figure 2. Diagrams showing mean azimuth with one standard deviation for stabilized parabolic dunes (4) and longitudinal

dunes (B). n, total number of measurements.
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North

West East

South

Barrow
Wind calculations
1945 to 1968

North

West East

South

Oliktok
Wind calculations
1957 to 1975

Figure 3. Wind rose diagrams depicting annual distribution
of wind directions calculated for wind speeds greater than
5.7 m/s. (see fig. 1 for location).

were active during cooler climates and drier surface condi-
tions than those of today, which broadly coincided with
episodes of Neoglacial expansions of cirque glaciers in the
Brooks Range (Galloway and Carter, 1993).
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Methane in the Fox Permafrost Tunnel
Near Fairbanks, Alaska

By Keith A. Kvenvolden, Thomas D. Lorenson, and Valerie Barber

ABSTRACT

As part of a study to assess the methane content of
permafrost, we have examined the Fox permafrost tun-
nel, located about 16 km north of Fairbanks, near the
town of Fox, Alaska. The tunnel, excavated by CRREL
(Cold Regions Research and Engineering Laboratory)
and the U.S. Bureau of Mines, penetrates about 110 m
of perennially frozen silts of late Pleistocene and early
Holocene age. We measured methane in the tunnel air
and in selected samples of ice and frozen silt, cored
from the walls of the tunnel. The methane content of the
tunnel air was measured at several sites within the tun-
nel at nine different times between 1990 and 1993 and
compared with the methane content of atmospheric air
outside the tunnel. Methane is generally well-mixed
throughout the tunnel; however, seasonal variations do
occur. The largest methane concentrations were observed
in October 1992 (41.5+0.22 parts per million by volume
[ppmv]) and the smallest in February 1993 (5.15+0.66
ppmv). On the same dates, the outside atmosphere con-
tained 2.0630.00 and 2.0530.01 ppmv, respectively.
Thus, the air in the tunnel has 2.5 to 20 times more
methane than the outside atmosphere. Permafrost in the
tunnel sublimates because of moisture loss to very dry
air that circulates through the tunnel. During sublimation
methane is released from the permafrost.

Core samples of ice and frozen silt contain varying
quantities of methane: pond ice (0-1.8 pg/kg); thaw bulb
under pond ice (58-120 pg/kg); wedge ice (0-15 pg/kg);
pore ice with silt (2,100-2,400 ug/kg); and silt with pore
ice (4,000-9,700 pg/kg). The carbon isotopic composition
of methane from the pond ice and silt with pore ice aver-
ages —86.910.4 per mil (relative to the PDB standard), in-
dicating that the methane results from the microbial
decomposition of sediment organic material. The methane
contents of tunnel air and core samples from the tunnel
walls indicate that permafrost, when destabilized by subli-
mation and melting, can be a high-latitude source of at-
mospheric methane.

INTRODUCTION

Between 1963 and 1969, a tunnel was excavated by
the U.S. Army Corps of Engineers, Cold Regions Research
and Engineering Laboratory (CRREL) into permafrost near
the community of Fox (64°57° N., 147°37° W.), about 16
km north of Fairbanks, Alaska (fig. 1). The tunnel pene-
trates into the north-facing side of Goldstream Valley about
110 m, providing a continuous exposure of undisturbed,
perennially frozen, ice-rich, fossil-bearing silt and alluvium
above schistose bedrock (Sellmann, 1967, 1972). The age
of the frozen sediments ranges from late Pleistocene to
early Holocene (~46,000 to ~7,000 yr B.P.) (Hamilton and
others, 1988). Originally, the tunnel was used to evaluate
various methods of excavating and stabilizing underground
openings in frozen ground. Now it serves as an under-
ground laboratory for basic and applied research related to
the permafrost environment and as a tourist attraction.

The 110-m-long horizontal tunnel, called an adit,
was dug by CRREL during 1963-1966 (fig. 1). A vertical
ventilation shaft, which allows winter air circulation to
cool and stabilize the tunnel, was completed in 1965. In
1969 the U.S. Bureau of Mines excavated a 61-m-long in-
clined passage, called a winze, that slopes downward at
12° from the main tunnel near the entrance (fig. 1). Cur-
rently, the operation of the facility is jointly supported by
CRREL, the Bureau of Mines, and the University of Alas-
ka. Besides being used to evaluate underground excavation
techniques in frozen ground, the tunnel has been used for
the study of engineering properties of permafrost (standard
index parameters, compressive and tensile strengths, mod-
ulus of deformation), acoustic and electrical properties,
sublimation processes, and geologic and paleoecological
histories (summarized by Hamilton and others, 1988).

Our study of the methane content of the tunnel air
and of core samples of frozen materials from the tunnel
walls was designed to evaluate permafrost as a possible
source of atmospheric methane in global warming (Kven-
volden and Lorenson, 1991; Lorenson and others, 1992;
Kvenvolden and Lorenson, 1993; Kvenvolden and others,
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1993). Our objective is to quantitatively evaluate the un-
substantiated statement by the United Nations Intergovern-
mental Panel on Climate Change (IPCC) that permafrost is
an important high-latitude source of atmospheric methane
(Houghton and others, 1990). The permafrost tunnel pro-
vides an accessible and well-described site where we were
able to (1) measure the methane content of tunnel air at
several locations within the tunnel and at different times
of the year over a span of 3 years, (2) compare the meth-
ane content of tunnel air with the atmospheric concentra-
tions, and (3) measure the methane content of cores taken
from the walls of the tunnel. Preliminary results have been
reported previously (Kvenvolden and others, 1992, 1993).

GEOLOGY

Hamilton and others (1988) have provided a compre-
hensive description of the geology of the permafrost tunnel,
and much of this section summarizes their observations. A
generalized geologic section of the tunnel is shown in fig-

ure 1. The lowest part of the winze penetrates frozen bed-
rock, which is a weathered schist of the Yukon crystalline
terrane (Templeman-Kluit, 1976). Overlying the bedrock is
a 3- to 4-m-thick deposit of sandy gravel and gravelly sand
containing lenses of organic silt, silty fine sand, and sandy
fine gravel. The gravel is perennially frozen and bonded
with ice. Generally unstratified and well-sorted silt, 14- to
17-m thick, overlies the gravel and is the most widespread
lithologic type in the tunnel. The silt is divided into two
depositional units separated by an unconformity. Both units
are characterized by high organic carbon contents with av-
erage values reaching 6.3 and 6.8 percent. Ground ice in
the silt includes pore ice, wedge ice, and pond ice, samples
of which were collected for methane analysis (locations
shown in fig. 2), and segregated ice. Near the tunnel en-
trance are debris-fan deposits composed of subangular peb-
bles and cobbles in a matrix of silty sand and sandy silt.
Animal macrofossils and plant remains occur throughout
the sediment exposed in the tunnel. Radiocarbon ages indi-
cate that the frozen sediments within the tunnel span a peri-
od of geologic time ranging from <46,000 to ~7,000 yr B.P.

Slumped silt

METERS
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DISTANCE FROM TUNNEL PORTAL IN METERS

Figure 1. Location map and generalized geologic section of the Fox permafrost tunnel. Slightly modified from Hamilton and others

(1988).
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METHODS

For the purpose of obtaining air samples within and
outside of the permafrost tunnel at various times during the
year, 11 sampling sites were designated as shown on figure
2. Site 1 was outside the tunnel, where air samples were
collected to determine the atmospheric content of methane.
Site 2 was located in the air lock that separates the tunnel
from the outside. The other sites were positioned through-
out the tunnel to determine the extent of mixing of meth-
ane within the tunnel system. Some or all of the sites were
sampled nine times between 1990 and 1993.

Air samples were collected at each of the sites in 40-
cc syringes, usually in duplicate or triplicate, and analyzed
within 24 hours by gas chromatography on a 1-m-long, 5-
A, molecular sieve (60/80 mesh) column. Results are report-
ed in parts per million by volume (ppmv). Samples of the
frozen tunnel walls were obtained in the adit by means of a
-SIPRE ice corer (7.6-cm internal diameter). The recovered
core segments, approximately 10 cm in length, were sealed

in gas-tight containers and weighed. Procedures for extrac-
tion and analysis of methane follow those of Kvenvolden
and Lorenson (1993). Degassed water was added to most of
the samples to establish a 100-cc headspace, which was
purged with helium through septa-covered ports after the
container was sealed. For methane analysis, the samples were
thawed, the container shaken, and a portion of the headspace
was analyzed by gas chromatography. Results are reported
in micrograms of methane per kilogram of sample. In most
cases, except for silt with pore ice, the samples were pre-
dominantly ice. Carbon isotopic composition of methane in
selected tunnel-wall samples were obtained through Global
Geochemical Company, Canoga Park, California, and report-
ed in per mil relative to the Peedee Belemnite Standard.

RESULTS

Methane was measured in tunnel air and in the at-
mosphere outside the tunnel on nine occasions during a

91-20
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Figure 2. Isometric view of the Fox permafrost tunnel showing
sites where air samples (open circles) and permafrost cores (solid
circles) were collected for methane analysis. Adit and winze are
110-m and 61-m long, respectively. Numbers in boxes refer to

Winze 2\ |"|\|.

O\

5

core samples listed in table 2. No core samples were collected in
the winze. Samples from different core materials are listed in sets
designated by year (90-, 91-, and 92-). Modified from Kven-
volden and others (1993).
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Table 1. Concentrations of methane (ppmv) within and outside the Fox permafrost tunnel measured at 11 sites on 9 days

between 1990 and 1993.

[Numbers in parentheses are the number of samples measured. nd, not determined]

Site 06/15/90 04/04/91 05/2191 07/17/91 08/14/91 04/02/92 07/17192 10/16/92 02/26/93
1 1.71£0.01 1.84+0.01 1.794+0.02 1.75+0.04 1.81+0.01 1.96+0.00 1.7510.04 206400 2.05+0.01
) €) @) ) [?) [©) [®) [0) )
2 424 13.19£1.04 7.75+0.66 nd 11.3740.05  6.58%0.11 nd 412400  4.26+0.25
1) [©) [0) ) @) ) )
3 12.8740.07 35.75+0.73 15.60£1.75 15.0440.11 10.9440.30 26.89+0.08 15.0410.11 41.8+0.0 4.26+0.25
) ©) &) ) @) “) ) @) )
4 13.0740.10  35.24+0.08 16.61+0.10 14.95£0.04 10.8740.52 27.02+0.21 14.95+042 41.610.1 4.98+0.23
©) ©) ) @ @) @) ) (o)} )
5 12.80+0.06 35.15£0.04 16.50+0.50 15.04+0.13 11.30%0.28 nd 15.0440.13  41.8%02  5.12+0.13
©) [©) @ @ @) ) ) 2) )
6 nd 35.09+0.36 nd 15.11£0.11  11.30£0.27 26.62+0.69 15.11+0.11 41.5 5.144£0.26
©) ) ) ?3) ) (1) @
7 nd 35.3240.11 nd nd nd nd nd 41.5 4.91+0.31
3 (1) )
8 nd 35.51+0.13  15.21£0.01 14.184%0.12 11.22+0.25 27.13:0.04 14.18+0.12 41.5 5.05+0.02
©) ) Q) 0 @) 0 (1) )
9 nd 35402+0.06 16.06+0.38 15.100.12 10.89+0.81 27.05+0.05 15.10+0.12 41.3 4.62
) @) @) ) @) 0 ) )
10 nd 35.4610.07 nd 14.90£0.04 11.06£0.02 25.63%x1.79 14.90+0.04 41.5 5.16+0.07
©) ) ) @) ) )
11 nd 35.46 nd nd nd 27.21+0.24 nd 41.5 6.74+0.57
) @) ) @)
Average 35.37£0.32  15.994+0.84 14.90+0.32 11.08+0.36 26.80+0.70 14.90+0.33 41.6+0.2 5.2610.61
3-11 24) (10) (14) (14) (16) (14 (12) an
period between June 15, 1990, and February 26, 1993. DISCUSSION

The results are listed in table 1 and summarized in fig-
ure 3. As an example of the methane distribution in the
tunnel on a given day, results obtained on April 4, 1991,
are shown at the eleven sampling sites (fig. 4), demon-
strating that on this date the methane was apparently
well-mixed within the tunnel system. At the sample site
outside the tunnel, methane concentrations increased
from 1.71 ppmv in 1990 to 2.05 ppmv in 1993. At the
sample site inside the air lock, methane concentrations
usually were intermediate between tunnel air and the
outside atmosphere; however, on three occasions (August
1991, October 1992, and February 1993) the air lock
was open to the tunnel, and methane concentrations in
the air lock were similar to the concentrations measured
within the main tunnel system.

Methane concentrations in samples of frozen mate-
rials sampled from the adit wall were variable, with the
highest values (9,700 pg/kg) found in samples of silt
with pore ice, and the lowest values (<2 pg/kg) in pond
ice (table 2). The tunnel was sampled in two consecutive
years (1991 and 1992), and quantitatively similar results
were obtained from the same kinds of frozen materials
from the same sample locations. Carbon isotopic compo-
sitions of methane from pond ice and silt with pore ice
average —86.9+0.4 per mil, which is consistent with or-
ganic matter as the source of methane carbon and meth-
anogenesis as the mediating process.

Our results clearly demonstrate that methane is
present in the air of the permafrost tunnel at concentrations
ranging from 2.5 to 20 times greater than its atmospheric
concentration (table 1). On any given day, methane within
the tunnel is usually well mixed (fig. 3); that is, measure-
ments taken from air samples throughout the tunnel are
within 1 ppmv. Only in February 1993 was the concentra-
tion of methane significantly higher at the end of the tunnel
(site 11, 6.7440.57 ppmv) relative to the average concen-
tration that same day of 5.2630.61 ppmv. A ventilation
shaft is located near site 11 (fig. 2), and air circulation
through this shaft must have an effect on methane concen-
trations in this region of the tunnel.

The air lock at the entrance to the tunnel separates
the main tunnel system from the outside atmosphere, and
methane concentrations within the air lock reflect the mix-
ing of air from the tunnel with the air from outside. On 3
days when measurements were made, the internal door of
the air lock was open and the external door was closed for
a time that was sufficient for the methane concentrations
in the air lock to be similar to those measured within the
tunnel (table 1). In all cases, the methane concentrations in
the air lock were 2 to 20 times greater than in the outside
atmosphere.

The variability of the methane content of the tunnel
air during the year (fig. 2, table 1) is due in part to the
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history of usage of the tunnel. During the winter, the tunnel
is chilled naturally by cold outside air that is circulated by
convection through the ventilation shaft at the rear of the
tunnel and an opening at the entrance. Some excess mois-
ture in this air is condensed as frost on the cold ceiling.
During the summer, air is not circulated, and a refrigera-
tion system is used to cool the tunnel to compensate for the
warming that takes place when hundreds of visitors come
to observe the features and properties of the permafrost
environment. Refrigeration in the summer also lowers the
relative humidity of the air. We sampled tunnel air at ran-
dom opportunities that were not coordinated with the usage
events of the tunnel. Our results (fig. 2, table 1) suggest
that methane concentrations in the tunnel air are high in
spring and decrease during the summer. The highest meth-
ane concentrations (41.630.2 ppmv) were recorded in Oc-
tober 1992, but unfortunately, methane measurements were
not made in October of the previous two years. The lowest
methane values (5.2640.61 ppmv) were obtained during
the winter (February 1993), but only one set of measure-
- ments could be made at this time of year during the study

I
(&)}

period. Although the concentrations of methane in the tun-
nel vary during the year, the source of this methane must
be within the tunnel itself. We believe that the methane
comes from the permafrost and is released by the process
of sublimation.

Ice in the exposed frozen walls of the tunnel is sub-
limating because of contact with relatively dry air (Johans-
en and others, 1981). Winter cooling by outside air
circulation and summer cooling by refrigeration act to-
gether to maintain the thermal regime. Exposed permafrost
is sublimating due to the relative dryness of the tunnel air
both in winter and in summer. The sublimation of ice in
silt exposed in the walls has produced a large amount of
dust that is ubiquitously present throughout the tunnel. As
a result of sublimation, methane which has been dissolved
in the ice and trapped by the silt is apparently released
from the permafrost.

Analyses of core samples of ice and silt with pore ice
(table 2) confirm the presence of methane in the walls of the .
tunnel, with the highest concentrations (up to 9,700 pg/kg)
being found in silt with pore ice. This silt is organic-rich,

N w w Y
o o o o
caa o v b e by b e b by s b b

N
(&)

-y —y
o o

(¢}

METHANE CONCENTRATION, IN PARTS PER MILLION BY VOLUME

o

N

JFMAMJ JASONDJFMAMJJASONDJ FMAMJJASONDIJFM

992

MONTH AND YEAR

Figure 3. Average methane concentrations (ppmv) measured 9 times at 5 to 10 stations during 1990-1993 in the air of the Fox

permafrost tunnel.
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Table 2. Methane concentrations (jg/kg) in core samples of permafrost
from the walls of the Fox permafrost tunnel.

Methane d%c

Sample  Distance* Description Wt. (g) (ng/ke) (per mil)
91-22 78 Pond ice 402.8 0.8
27 78 Pond ice 411.0 0.8
20 74 Wedge ice 381.2 33
24 74 Wedge ice 445.6 24
28 74 Wedge ice 279.5 5.4
23 71 Pore ice with silt 450.1 2,400
25 71 Pore ice with silt 566.7 2,100 -86.7
26 28 Silt with pore ice 558.1 4,100 -87.5
29 28 Silt with pore ice 505.5 9,200 —86.6
92- 1 78 Pond ice 374.4 0.0
2 78 Pond ice 373.8 3.6
3 78 Pond ice 456.8 1.8
4 74 Thaw bulb under pond ice  347.6 58
5 74 Thaw bulb under pond ice  298.8 120
6 72 Wedge ice 339.3 0.0
7 72 Wedge ice 3215 32
8 69 Paleosol 441.7 1,100
9 69 Paleosol 470.8 1,600
10 66 Wedge ice 3344 0.0
11 66 Wedge ice 3338 15
12 66 Paleosol 4504 390
13 66 Paleosol 408.2 200
14 66 Holocene permafrost 449.8 230
15 28 Silt with pore ice 428.8 9,700 -87.0
16 28 Silt with pore ice 4703 4,000 -86.9
17 36 Groundwater ice 269.6 170

* . .
Distance measured from each sample site to the inner portal of the tunnel.

35.46+0.07

35.40+0.06
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s ; 35.32£0.11
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A “[ 35.1540.04 35.09+0.36
A 35.75%0.73 35.24£0.08

1.84£0.01 K77, 18.19%1.04

Figure 4. Isometric view of the Fox permafrost tunnel showing methane concentrations (ppmv) in tunnel air at 11 stations, sampled on
April 4, 1991.
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containing up to 6.8 percent organic carbon (Hamilton and
others, 1988). Carbon isotopic composition of methane
(8!3C,= —86.9+0.4 per mil) from the frozen material of the
tunnel walls suggests that the methane is likely to be de-
rived from the microbial decomposition of the abundant
organic matter in the permafrost. Such an isotopically light
methane composition is indicative of microbial processes
(Schoell, 1988).

We have clearly demonstrated that methane is
present in permafrost and can be released when permafrost
is destabilized. In the case of the permafrost tunnel, subli-
mation provides an efficient, direct process for methane
release into the atmosphere. More commonly, however,
melting of ice is the dominant process of permafrost desta-

bilization. This process leads to dissolution and possible

oxidation of methane in the water, rather than to direct
release of methane into the atmosphere (Kvenvolden and
Lorenson, 1993). Thus, our results provide evidence for
the maximum amount of methane that could reach the at-
mosphere during the destabilization of permafrost caused
by, for example, global warming.

CONCLUSIONS

This paper demonstrates that methane is present in
permafrost, especially in silt with pore ice, in the Fox per-
mafrost tunnel. The methane is probably derived from the
microbial decomposition of organic matter that is common
in the silt. Methane is released from the permafrost in the
tunnel by sublimation processes that occur because of the
air exchange that takes place during tunnel operations. The
air inside the tunnel contains 2.5 to 20 times more meth-
ane than does the air outside the tunnel. The amount of
methane observed in the tunnel provides a guide to the
maximum amount that can be expected to come from the
destabilization of permafrost during global warming.
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HAZARDS AND RELATED STUDIES

The 1993 Nelson Mountain Landslide,
Chitina Valley, Southern Alaska,
an Aerial View

By Lynn A. Yehle and Danny Rosenkrans

INTRODUCTION

A very large landslide, 4.5 km long and 1.1 km
wide at its toe, coursed down the steep northeast flank of
Nelson Mountain (61.33° N, latitude 143.75° W. longi-
tude) and slid about one-third of the way (0.6 km)
across the flood plain of the Chitina River (fig. 1). The
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event apparently occurred at 12:10 p.m., January 4,
1993, when several seismological stations of the U.S.
Geological Survey, Alaska Earthquake Information Cen-
ter, recorded signals centered in this region area that
were uncharacteristic of earthquakes of the region (W.R.
Hammond, oral commun., November 2, 1993). No eye
witnesses are known and the following observations are
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Figure 1. Sketch map showing location of 1993 Nelson Mountain landslide, Chitina Valley, southern Alaska.
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based upon air reconnaissance on March 30 and July 11,
1993.

The purpose of this note is to provide a preliminary
description of this landslide. We believe it is one of the more
spectacular, far reaching, and dynamic geologic events to
have occurred in this region in the last several years.

GEOLOGIC SETTING

Nelson Mountain is underlain by bedrock of the Penn-
sylvanian and Lower Permian Skolai Group (MacKevett,
1978). The Skolai consists predominantly of schistose, meta-
sedimentary rocks including thin-to-thick discontinuous beds
of marble, one of which underlies much of the northwest
part of Nelson Mountain. Surficial deposits (Yehle, unpub.
map, 1964) on the middle and lower slopes of the mountain
form a series of Pleistocene glacial deposits and Holocene
alluvial and landslide deposits. Upper slopes seem to host
several types of colluvial deposits situated between angular
to smooth bedrock outcroppings.

DESCRIPTION OF SLIDE

The landslide has the form of an irregular cone or
narrow fan that includes a breakaway scarp zone heading
at the rim of the saddle along the crestline of Nelson
Mountain, and an accumulation zone heading at 870 m,
extending about 3 km northeastward, and crossing about
one-third of the Chitina River flood plain. Total relief of
the slide is 1,300 m. The central part of the accumulation
zone is dominated by lumpy cobble- and boulder-strewn
ground. Near the margins of the central part, some elon-
gate, concentrically lobed (nested) sectors are marked by
different rock types. The slide’s lower, outer rim is marked
by a berm of broken tree trunks that give the appearance
of being plowed up. On the Chitina River flood plain most
of the slide debris consists of lumpy piles of material.
Longitudinal grooving is evident in the middle lowermost
part of the slide. Some sectors of slope-parallel cracks (not
evident during observations in March) cut across part of
the slide, especially in the central part of the accumulation
Zone.

The total area affected by the slide (accumulation
zone and breakaway headscarp zone) is estimated at 3.8
km?. Thickness of the slide in the middle reach of the cen-
tral deposition area is roughly estimated at about 6 m,
along the lower, distal margins at about 1.5 m. We conser-
vatively estimate that the original volume of the slide was
3.1x10°% m3, using 1.5 m as the average thickness of the
deposition zone. No water was seen issuing from the sur-
face of the slide, although a few short dendritic paths ex-
ist, possibly from snow-melt concentrations.

SEQUENCE OF SLIDE ACTIVITY

The landslide probably started as a massive fall of
jointed, weathered bedrock along part of the saddle rim
heading the minor valley bearing the present slide. Comparing
pre-slide, 1962 ground photographs and 1957 vertical aerial
photographs of the valley head with post-slide, July 11, 1993,
oblique aerial photographs strongly suggests that the break-
away zone involved (1) valley headwall enlargement due to
a massive rock fall, (2) removal of some of the more angular
outcroppings of bedrock, and (3) stripping of colluvium that
overlay some of the bedrock, especially marble. Fall-induced
fragmentation of bedrock apparently evolved into a debris
slide that entrained trees and other vegetation, snow, ice, and
unfrozen subsurface pockets of water. The above noted
events, whose deposits now rest in the middle of the accu-
mulation zone, seem to have been followed by much smaller
debris flows near the topographically lower, outer margins
of the slide, possibly where more moisture was available.
The nested segregation of different rock types comprising
parts of some of these flows cannot be explained at present.

Speed of the landslide in its latter phase is categorized
as being in the slow-to-moderate category, not in the fast
(debris) avalanche category. We feel that a low-speed flow is
required to maintain the observed segregation of different
rock types. In addition, there is no apparent evidence of the
airblast effects that characterize some debris avalanches.
Trees that stood directly in the apparent line of airblast at
outermost, land-based parts of the slide were not uniformly
downed but had the irregularly downed appearance noted
previously. Additionally, shore features such as uprooted
brush along the opposing Chitina River flood plain margin
show no obvious airblast effects.

ORIGIN OF THE SLIDE

We feel that the cause of the slide probably is related
to (1) above-average precipitation and an above average
number of extreme freeze-thaw cycles in November and
December 1992 (National Oceanic and Atmospheric Admin-
istration, 1993), (2) steep, upper-mountain slopes, and (3)
bedrock that is oriented subparallel to slopes, and bedrock
dips of as much as 70° measured nearby (MacKevett, 1978).

FUTURE ACTIVITY OF THE SLIDE

Landslide activity at the Nelson Mountain locality
probably will recur because the headwall breakaway zone
of the slide still contains bedrock that has a favorable orien-
tation for additional slope failures. Small landslide deposits
mapped in this locality (Yehle, unpub. map, 1964) indicate
that slides occurred prior to the 1993 landslide event. The
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January 4, 1993 slide mass will continue to differentially
settle and crack as it did between March and July, as the
deposit further adjusts to the pre-existing ground surface.
The outermost part of the slide (that is, the part lying on the
floor of Chitina River channels) is being eroded and cut
through by river channels. Most of the slide probably will
be eroded down below summer-time river level within about
20 years, judging from the erosion rate of other slides along
the edge of active channels of the Chitina River in the area.
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Importance of Landslides in the Geomorphic Development
of the Upper Caribou Creek Area,
Talkeetna Mountains, Alaska

By Steven W. Nelson

INTRODUCTION

This report describes several landslides in the upper
Caribou Creek area of the Talkeetna Mountains. These
landslides are important to the geomorphic development of
the area, and they constitute a potential hazard to develop-
ment and mining activity. The landslides have produced a
topography that is strikingly similar to the landslide-pro-
duced topography of some of the Hawaiian Islands. How-
ever, the geologic processes producing the landslides in
Alaska are different than in Hawaii.

The easiest access to the area is by single-engine
(Super Cub) fixed-wing aircraft. Alternatively, an all-ter-
rain vehicle (ATV) trail from mile 106 on the Glenn High-
way follows Caribou Creek to Mazuma Creek, and
continues a short distance up Mazuma Creek. From here,
one can take a five-mile walk to the area. The ATV trail
was established to facilitate access to several active placer
gold claims on Caribou Creek, the highest of which is lo-
cated at the mouth of Mazuma Creek.

The upper Caribou Creek area, including Mazuma
Creek, is located in the southern Talkeetna Mountains ap-
proximately 150 km northeast of Anchorage, Alaska (fig.
1). The area described is located in the southern Talkeetna
Mountains A-1 and A-2 quadrangles. Reconnaissance
mapping was done at a scale of 1:63,350 during an eight-
day period in August 1993. Additions to the field mapping
were made from false-color, infrared aerial photographs
taken in July 1982. Earlier mapping by Grantz (1960) and
Csejtey and others (1978) was also incorporated.

LOCAL GEOLOGY

The upper Caribou Creek area is underlain by a
thick sequence (600 m) of shallowly dipping (<10°), un-
differentiated, mafic to felsic subaerial lava flows and re-
lated hypabyssal intrusive rocks of Paleocene to Miocene
age; the upper part of the sequence may be as young as

Pleistocene (Csejtey and others, 1978). Additional units in-
clude a pink rhyolite (tuff?) and several thin (<10 m
thick), discontinuous horizons of poorly consolidated, flu-
vial or lacustrine deposits (fig. 2) with rare petrified trees
and carbonized plant fragments interlayered with the
flows. These sedimentary units are composed of poorly in-
durated shale and very fine-grained sandstone with thin
pebble horizons. During rainy weather, some of these sedi-
mentary horizons absorb water and turn into a sticky,
greasy mass of clay that suggests they may be bentonitic.
The lava flows are usually dark brown, 3 to 4 m thick,
aphanitic, massive, and contain moderate to well-formed
columnar jointing. Abundant quartz-filled amygdules,
ranging in size from <1 cm to 10 cm across, are found in
some flows.

The oldest rocks in the area are sedimentary rocks
(figs. 1, 3) assigned to the Matanuska Formation (Early
and Late Cretaceous) and are exposed in an erosional win-
dow in Mazuma Creek (Grantz, 1960). A stratigraphically
equivalent unit on Caribou Creek has yielded a single di-
nosaur skull, which is the subject of current study by staff
of the University of Alaska (Anne Pasch, written com-
mun., Aug. 1993).

The area was extensively glaciated during the late
Pleistocene (Welsch and others, 1982), and small remnants
of these glaciers are still present at higher elevations at the
head of Caribou Creek and to the north. In the study area,
no glacial deposits are visible beyond the immediate vicin-
ity of present day glaciers. R.D. Reger (oral commun.,
1993) believes that these valleys were ice-free about 9,500
years ago. Péwé and Reger (1983) suggest that most of the
existing nonglacial features, such as landslides and rock
glaciers, developed during or after the last glaciation in
middle to late Holocene time. On this basis, the landslides
could be 9,500 years old, but are more likely to be 5,000
years old and younger. Lichen chronology could be under-
taken for more precise dating of the landslides.

Landslides were also observed 8 km to the north
near the headwaters of the Oshetna River, and some are
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mapped in Glass Creek and other areas by Grantz (1960).
These landslides are prominently formed in the Tertiary
undivided volcanic rocks unit (Tv) of Csejtey and others
(1978), which covers an area of about 200 km?. If land-
slides are found throughout this outcrop area, they would
constitute a significant regional geomorphic feature.

GEOMORPHOLOGY OF
THE LANDSLIDES

Eight landslides were mapped in upper Caribou Creek
and Mazuma Creek (fig. 1; labeled I-VIII). The landslides are
of two kinds: rotational block slides and debris slides (no-
menclature after Varnes, 1958; Selby, 1982). Rotational block
slides are characterized by a failure surface that is produced
by rotation of a block in a down-slope direction. Rotational
block slides can be further divided into two types: single or
multiple (Brunsden, 1979), based on the number of rotational
blocks. Most of the rotational block slides in the Caribou
Creek area are multiple types characterized by more than one

rotational block, a major scarp, and minor scarps with their
heads marked by depressions commonly containing small
ponds or meadows. Landslides II and III (fig. 1) have these
features well developed. Debris slides have only a main scarp
and are made up of large, poorly sorted boulder fields (Selby,
1982). In this paper, the general term landslide refers to both
landslides and debris slides. Other mass-wasting features
observed include individual rock slides similar to the one
described by Brew (1962), rock glaciers, talus aprons, and
channel-restricted debris flows with levees.

The landslides are irregular in shape, usually having
widths which exceed their lengths. They range in area
from <100 m? to over 2.6 km? (fig. 1). The total area oc-
cupied by landslides is about 20 km?. All have a main
scarp, which usually forms a spectacular headwall several
hundred meters or more high (fig. 2). Minor scarps are
approximately less than one-half of the height of the main
scarps. One Mazuma Creek debris slide is separated from
its main scarp by a talus apron (fig. 3).

Many of the rotational landslide surfaces are marked
by hummocky topography and boulders of lava. It is

Figure 2. View looking west across Caribou Creek drainage to multiple type rotational block landslide location III, in fig. 1. Main
scarp (300 m high) is cliff face below peak 6170. Minor scarps shown by “ms”; light-colored layers on left are bentonitic sedimen-
tary rock horizon.
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Figure 3. View looking east to the head of Mazuma Creek showing debris slides (VI and VII) right center, center, and left center.
Light colored-rocks in Mazuma Creek are outcrops of the Matanuska Formation.

suspected that the well-developed columnar jointing of the
volcanic flows contributed to the break-up during em-
placement and to the numerous boulders presently seen on
the slide surfaces.

The slide complexes VI and VII in Mazuma Creek
(fig. 1) are different in morphology from those described
in Caribou Creek. The Mazuma Creek slides are large
rock falls, or debris slides, which appear to have resulted
from single catastrophic events. These slides are large
boulder fields (fig. 3) that do not have minor scarps.

Several factors may have contributed to the morpho-
logical differences in these two areas. In Mazuma Creek
the lava flows appear to be thicker, with better developed
columnar jointing, and there is greater topographic relief.
A possible interpretation of the influence of these factors
is that well-developed jointing and greater relief resulted
in the landslide disintegrating more completely before
coming to rest.

Other factors which may have facilitated the downs-
lope movement include glaciation, bentonitic sedimentary
horizons, which are interlayered with the volcanic rocks, and
faults and joints parallel to the main scarps. In many of the
landslides the bentonitic horizon is located near the base of

the main scarp (fig. 2). These layers are weaker layers com-
posed of soft, expandable, easily deformed material lying
between the more competent volcanic flows. Moisture seep-
ing through fractures would contribute to the potential for
failure in the bentonitic horizons and would turn them into
slip surfaces.

Some slides are presently active and are creeping into
Caribou Creek (landslide I). The next older slides have scarps
which lack vegetation and still display transverse fractures
in the crown area. The oldest slides have vegetated scarps
and a more subdued surface, which is probably the result of
weathering, solifluction, and vegetation cover.

Numerous faults are recognized in the area and may
contribute to the localization of scarps, but only two are in
the main scarp area of two landslides (fig. 1). Additional
mapping may find others. There may be more factors which
account for these landslides and the contrasting morpholo-
gies. The issue needs further work.

The main geomorphic features of the landslides overall
are the steep escarpments that cut subhorizontal layering in
the volcanic rocks. In several cases the slides have created
mountains with steep pyramidal forms and sharp ridges ra-
diating from the center. These features have a remarkable
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similarity to the larger landslide-produced topography in the
Hawaiian Islands. In that area, mass wasting is an important
process in the evolution of the island volcanoes (Moore and
others, 1989). The Hawaiian landslides occur throughout the
shield-building stage and are facilitated by rift-zone parallel
faults and seismic, magmatic, and hydrothermal activity
(Moore and Clague, 1992).

Despite the topographic similarity, the Caribou Creek
landslides represent a different history than those in Hawaii.
The Caribou Creek slides occurred long after volcanic activ-
ity ceased and after the area had undergone extensive valley
glaciation (Welsch and others, 1982; Péwé and Reger, 1983).
Glaciers typically produce oversteepened slopes, which
probably contributed to the high landslide potential of the
area (Selby, 1982).

HAZARD EVALUATION

The landslides in this area are probably of only seasonal
concern as geologic hazards. The area surrounding upper
Caribou Creek has no year-round population. During summer
months most visitors in the vicinity are present for recre-
ational or scientific purposes. There are several placer gold
operations, which are active only on a seasonal basis. Two
possible hazards of concern are (1) a landslide blockage of
Caribou Creek, which might result in formation of a lake,
and subsequently, a catastrophic flood downstream due to
dam failure, or (2) a landslide impacting a placer operation
directly. However, no evidence for previous landslide-
dammed lakes was seen, and only a few placer operations
exist in the outcrop area that is prone to landslides.

CONCLUSIONS

Several conclusions can be made about the land-
slides in the area.

1. Landslides are an important geomorphic feature
of the upper Caribou Creek area.

2. Bentonitic horizons, fractures in bedrock, the
movement of ground water, and oversteepened slopes due
to glaciation are important factors that have contributed to
the development of landslides.

3. The landslides have produced rugged and stepped
topography, which is remarkably similar to landslide-pro-
duced topography in the Hawaiian Islands.

4. The landslides are a potential hazard in the area.
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Possible Active Fault Traces on or near the
Castle Mountain Fault between Houston and the
Hatcher Pass Road

By Peter J. Haeussler

ABSTRACT

The Castle Mountain fault is one of several major east-
northeast-striking faults in southern Alaska, and it has had
historical seismicity and Holocene surface faulting. The Cas-
tle Mountain fault was delineated on a regional scale by
Detterman and others (1974, 1976), who divided it into two
physiographic segments. Mapping in a 30-km-long region
between the two segments (from Houston to the Hatcher
Pass Road) is the subject of this study. I found two faults in
the central part of the study area, north of the inferred trace
of the Castle Mountain fault, which have experienced late
Quaternary surface-faulting. I also traced the Castle Moun-
tain fault in the Houston area about 3 km farther east than
previously recognized. The age of faulting in the study area
is constrained by the glacial history to be younger than
approximately 10,000 yr B.P. on several faults and younger
than approximately 40,000 yr B.P. on another fault. However,
because prior work on the Castle Mountain fault west of the
study area has recognized surface faulting younger than 1,860
yr B.P, it is likely that the age of faulting within the study
area is substantially younger than 10,000 or 40,000 yr B.P.

INTRODUCTION

The Castle Mountain fault is one of several major
east-northeast-striking faults in southern Alaska, and un-
like other faults with a similar orientation, the Castle
Mountain fault has been active in historical time and sur-
face faulting has occurred during the Holocene (Lahr and
others, 1986; Detterman and others, 1974). Martin and
Katz (1912) first noted the fault, but it was delineated on a
regional scale by Detterman and others (1974, 1976), who
divided it into two physiographic segments—the western
Susitna Lowland and the eastern Talkeetna Mountains seg-
ments (fig. 1). Detterman and others (1974, 1976) found
no trace of the Castle Mountain fault in the 30-km-long
region between Houston on the west and Hatcher Pass

Road on the east (figs. 1, 2), and they did not include this
area in either of their maps (G. Plafker, oral commun.,
1993). This study re-examines the area and reports possi-
ble active fault traces in it.

The total length of the Castle Mountain fault in the
Talkeetna Mountains and eastern Susitna Lowland is ap-
proximately 200 km. Correlation of the Castle Mountain
fault with the Bruin Bay fault or Lake Clark fault, each of
which lies to the southwest, seems likely because the
faults are aligned, but such a connection is complicated by
lack of an exposed fault trace in a critical 15- to 20-km-
long area where the Lake Clark, Bruin Bay, and Castle
Mountain faults join together (fig. 1) (Detterman and oth-
ers, 1974). In addition, neither the Lake Clark nor the
Bruin Bay faults is known to be active, whereas the Castle
Mountain fault is active (Detterman and others, 1975;
Plafker and others, 1975). The northeastern extent of the
Castle Mountain fault is unknown because the fault disap-
pears beneath Pleistocene glacial deposits of the Copper
River Lowland (which lies just northeast of the area of
fig. 1).

The Castle Mountain fault has had a long and com-
plicated history. Detterman and others (1974) argued that
the fault existed in Mesozoic time, and Grantz (1966) and
Fuchs (1980) gave evidence for more than 14 km of Ter-
tiary dextral slip along the eastern part of the fault. How-
ever, there is also substantial evidence for vertical
displacement with the north side relatively up. North-side-
up vertical displacement has been inferred to be 500-650
m in the Susitna Lowland based on offset reflectors in re-
flection seismic profiles (Kelley, 1963). Also, Clardy
(1974, p. 46) states, “There is a minimum of several thou-
sand feet of vertical separation (up to the north) of Mi-
ocene and Oligocene (?) sediments between [two wells
that straddle the Castle Mountain fault near Houston]”
(see well locations, fig. 2). In addition, more than 3 km of
north-side-up vertical displacement on the Castle Moun-
tain fault is indicated in the upper Matanuka Valley from
offsets of Tertiary strata (Grantz, 1966; Detterman and
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others, 1976). At the eastern end of the Castle Mountain
fault system, the fault divides into the Caribou fault and
the Castle Mountain fault splay (fig. 1) (Detterman and
others, 1976). The Talkeetna Mountains segment of the
Castle Mountain fault dips steeply to the north, and both
Bruhn and Pavlis (1981) and Detterman and others (1976)
concluded that the most recent offset on the fault was
post-Oligocene reverse motion. Along the Susitna Low-
land segment, Bruhn (1979) reported north-side-up normal
faults in two trenches located southwest of Houston
(figs. 1, 2), and Detterman and others (1974) found a
north-side-up reverse fault in a third trench about 10 km to
the west (fig. 1).

Recent motion along the Castle Mountain fault is
demonstrated by a discontinuous series of linear south-fac-
ing scarps in the Susitna Lowland. These scarps are gener-
ally less than 2 m high, but are up to 4 m high, and cut
late Quaternary glacial deposits and Holocene fluvial de-
posits associated with the Susitna and Little Susitna rivers
(Wahrhaftig, 1965; Detterman and others, 1974; Reger,
1981a, b). In a trench across the fault in the Susitna Low-
land, Detterman and others (1974) found an offset peat ho-
rizon, which was dated at 1,860 radiocarbon yr B.P. The
oldest age of a tree on the scarp was 225 yr, which sug-
gests that a surface-faulting event occurred between 225
and 1,860 yr B.P. In contrast, no unambiguous evidence
for Quaternary offset has been recognized along the Tal-
keetna Mountains segment (Detterman and others, 1976;
Bruhn and Pavlis, 1981). However, a surface-wave magni-
tude 5.2 earthquake that occurred along this part of the
fault in 1984 demonstrates that it is still active at depth

62°00"

61°45'

61°30

61°15'

(Lahr and others, 1986). No surface breaks were observed
during an aerial reconnaissance investigation immediately
after the earthquake (S. Nelson, oral commun., 1993).
However, the hypocenter of the main shock and after-
shocks was relatively deep—between 13 and 20 km—and
thus the fault might not have ruptured the surface. The
focal mechanism for the earthquake, and locations of af-
tershocks indicated a steeply north-dipping fault plane,
which is in agreement with field observations for the ge-
ometry of the fault (Martin and Katz, 1912; Detterman and
others, 1976). However, the inferred motion of the event
from earthquake focal-mechanism studies was right-lateral
strike-slip, which is in contrast to field-based geological
inferences of recent reverse motion on the fault (Bruhn
and Pavlis, 1981; Detterman and others, 1976). A short-
period magnitude 7.0 event in 1933 that caused Modified
Mercalli intensity VII effects at Anchorage was possibly
also associated with the Castle Mountain fault (Lahr and
others, 1986).

The Quaternary geology of the Matanuska Valley in
the vicinity of the Castle Mountain fault is dominated by
repeated glacial advances and retreats. The oldest recog-
nized glaciation may have occurred in late Pliocene time,
and the most recent retreat took place within approximate-
ly the last 10,000 years (Reger and Updike, 1983). In gen-
eral, the ice flowed from east to west down the Matanuska
Valley toward Cook Inlet (fig. 1). The Naptowne glacia-
tion is the youngest in the Matanuska Valley (Reger and
Updike, 1983), and drift of Naptowne age blankets the
study area. There are at least two stades within the Nap-
towne (Reger and Updike, 1983), and the oldest stade is

EXPLANATION
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Figure 1. Simplified geologic map of upper Cook Inlet region, showing regional extent of Castle Mountain fault and
location of study area (see fig. 2). Castle Mountain fault splay, CMF splay.
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poorly dated because it predates, or is at the limit of, the
radiocarbon dating technique. Reger and Updike (1983)
estimate that the oldest glacial advance began no earlier
than 47,000 yr B.P, but possibly just after 39,000 yr B.P.
The youngest glacial advance in the upper Cook Inlet area
formed the arcuate Elmendorf Moraine (fig. 1), which is
about 5 to 10 km northeast of Anchorage at the southern
limit, and about 10 km north of Houston at its northern
limit. Reger and Updike (1983) bracketed the age of this
moraine at between 11,690 and 13,690 yr B.P. Following
deposition of the Elmendorf Moraine, the ice stagnated
and the main glacier lying in the Matanuska Valley rapidly
retreated. Many ice-stagnation features are found in the
Palmer and Wasilla area (fig. 1), including kames, kettle
lakes and ponds, crevasse-fill-ridge complexes, and sub-
glacial channels (Reger and Updike, 1983). The Wasilla
area was deglaciated by 9,155 yr B.P,, and a location near
the terminus of the modern Matanuska Glacier (which lies
about 10 km east of the eastern edge of fig. 1) was degla-
ciated prior to 8,000 yr B.P. (Reger and Updike, 1983),
which suggests that the glacier retreated approximately 56
km in about two thousand years.

However, radiocarbon ages from a bog section 2 km
from the end of the Matanuska Glacier show that these
peat deposits have not been covered by ice in the last
13,000 years (Williams, 1986), and therefore there may be
some problems with the timing of deglaciation proposed
by Reger and Updike (1983). An alternative explanation is
that deglaciation in the Matanuska Valley region occurred
just prior to 13,000 yr B.P. and that other minimum ages
of deglaciation underestimate the timing of deglaciation by
approximately 3,000 to 4,000 years. Support for this idea
comes from deglaciation histories of other parts of south-
ern Alaska, which indicate that deglaciation occurred prior
to 10,000 to 14,000 years ago (Williams, 1986). In any
case, the Castle Mountain fault in the study area has been
deglaciated since late Quaternary time.

METHODOLOGY

I first examined stereographic pairs of vertical color
aerial photographs (scale 1:18,000) for linear features
within several miles of the projected trace of the Castle
Mountain fault. The projected trace of the fault in the
study area was determined by drawing a line between its
surface expression in the Houston area with the location of
the Castle Mountain fault along the Hatcher Pass Road,
which is the next known location of the fault to the east. I
subsequently examined linear features identified on air
photos in the field in order to better characterize them and
assess their origins.

With the hope of better constraining the location of
the Castle Mountain fault, I also examined proprietary
seismic-reflection data from the vicinity of the fault in the

western one-quarter of the study area. The seismic profiles
exhibit well-defined reflectors south of the inferred trace
of the fault and noise to the north, but no feature on the
profiles could be associated with the Castle Mountain
fault. In addition, a gap in the seismic lines where they
crossed the Little Susitna River (fig. 2), and the unconsoli-
dated sediments adjacent to the river, made it impossible
to resolve the location of the Castle Mountain fault using
the seismic-reflection profiles.

OBSERVATIONS AND INTERPRETATIONS
HOUSTON AREA

About one to one-and-a-half kilometers south of
Houston there are three or four faults that define the main
trace of the Castle Mountain fault (fig. 2). To the south-
west of the study area, the Castle Mountain fault is easily
seen as a very linear scarp with the northwestern side up-
thrown (Detterman and others, 1974). As the fault enters
the study area (from the southwest), the fault bends from a
strike of approximately 070° to almost 090° (fig. 2, loca-
tion A). At this point, the fault divides into two splays and
the main trace of the fault follows the northern splay (fig.
2, loc. B). The southern splay dies out 2 km east of the
split (fig. 2, loc. C). About four kilometers east of the
bend to the 090° strike, the fault resumes its 070° strike
and continues eastward on the alluvial terrace of the Little
Susitna River (fig. 2, loc. B). Along the east-west-striking
part of the fault, there are two more faults, one to the
north of the main trace of the Castle Mountain fault (fig.
2, loc. D), and the other is a splay to the south (fig. 2, loc.
E). It appears likely the additional faults in this area ac-
commodate strain along the bend. I infer there is one more
fault in the Houston area, about a kilometer north of the
town (fig. 2, loc. F). This fault is indicated by a linear
drainage and an elongate pond subparallel to the Castle
Mountain fault.

CENTRAL PART OF STUDY AREA

In the central part of the study area there are two
linear features that are visible on vertical aerial photo-
graphs (fig. 3) that I interpret as faults with surface ex-
pression. These features are (1) the more northerly and
longer Bench Lake fault, which is named for Bench
Lake—the only named geographic feature lying near the
inferred trace of the fault, and (2) the southern and shorter
Lost-in-the-woods fault, which is informally named for
what usually happened to me when I tried to find it. There
are no named geographic features in the vicinity of this
fault. The Bench Lake fault offsets glacial deposits at its
eastern end and has a well-defined linear north-facing
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Figure 2. Quaternary geologic map of study area. Sources include Detterman and others (1974, 1976), Reger (1981a, b), and P. Haeus-

sler (unpublished mapping, 1993).

scarp 1.5 m high (figs. 3, 4). Soil pits dug into the top of
the scarp, up to 60 cm deep, exhibited a podzolic O-A soil
horizon up to 20 cm thick, dominated by peat and under-
lain by 40 cm of brownish-red fine-grained silty clay (fig.
5). The bottom of the soil pits had cobbles of hornblende
tonalite and sandstone within the silty clay. The tonalite
cobbles looked similar to rocks of the Cretaceous Willow
Creek pluton (Winkler, 1992) in the Hatcher Pass area,
and the sandstone cobbles appeared similar to sandstone
found in outcrops of the nearby Wishbone Formation. This
sequence may be interpreted as a youthful soil profile de-
veloped on unconsolidated sediments of glacial or glacio-
fluvial origin derived from nearby sources. A soil pit in
the trough on the north side of the scarp had a thick (>40
cm) O-A soil horizon also dominated by peat (fig. 5).
About 25 cm beneath the surface there were numerous
hornblende tonalite cobbles up to 15 cm across. Because
the tonalite cobbles were within the O-A horizon, and be-
cause of the scarp topography adjacent to the soil pit, it is
likely the cobbles rolled into a pre-existing trough from
the scarp. The scarp and all of the surrounding area were
covered by vegetation (dominantly grasses with minor

trees), and there were no exposed unconsolidated sedi-
ments. Therefore, I infer that the cobbles fell into the peat
during a surface-faulting event, during south-side-up mo-
tion that exposed unconsolidated glacially derived cobbles,
which then rolled into the trough on the scarp’s north side.
Another possibility is that the tonalite cobbles were pulled
out of underlying till by the roots of large trees that fell
over. Although this process, called “tree windthrow” (Bir-
keland, 1984), is commonly observed at lower elevations
in the study area, I saw no cases of this in the vicinity of
the scarp. In addition, this process would bring to the sur-
face clasts of all grain sizes, not just cobbles.

The trough on the north side of the scarp, at its east-
ern end, is a wet area that drains toward the east. If the
scarp was not related to surface faulting, but was instead a
bedrock feature that predated glaciation, it is unlikely that
the feature would have been preserved, principally be-
cause this area was glaciated, and also because the feature
has an orientation that would not be favorable to preserva-
tion. A small and angular topographic feature that drains
to the east, such as the trough on the north side of the
escarpment, probably would have been removed by the



POSSIBLE ACTIVE FAULT TRACES ON OR NEAR CASTLE MOUNTAIN FAULT 53

149°26 15 61°42 30

Area shown m e
ﬂgure 3

¥ Area wrzln
'3 fgur 4and5

e
A

s -G

™ _é't.f-N FAINE I A et

TALKEETNA

149°15'

149°26'15"

Figure 2.—Continued.

westward flow of ice (Reger and Updike, 1983) down the
Matanuska Valley. More importantly, because no bedrock
was encountered in deep soil pits located on top of, or on
the side of, the scarp, it is unlikely that the feature is cored
by bedrock. The scarp would also be expected to be more
rounded if it was glacial in origin. Finally, the trough on
the north side of the scarp is unusually wet, despite the
small amount (about 5 m) of topography uphill from the
trough. This suggests that the flow of groundwater along
the trough may be controlled by a fault.

Only the easternmost 1 km of the Bench Lake fault has
evidence of surface faulting. The majority of the fault lies to
the west and is inferred by the trace of linear paleodrainages,
which probably developed beneath stagnating ice. There are
two prominent knobs (labelled with elevations of 325 m and
360 m on the USGS 1:25,000-scale topographic map) of
conglomerate near the eastern end of the Bench Lake fault
(see fig. 2). The conglomerate at these knobs is massive and
contains approximately 80 to 85 percent well-rounded inter-
mediate-composition volcanic pebbles and cobbles. About 5
percent of the clasts are sedimentary in origin, and the re-
maining 10 to 15 percent are granitic. Based on a comparison
of the cobble compositions with that of sandstones and con-
glomerates of the Wishbone Formation (Clardy, 1974), I
correlate this conglomerate with the Wishbone Formation
because both rock units are dominated by volcanic clasts.
Clardy (1974) interpreted similar massive conglomerates in
the Wishbone Formation to have been deposited by sheet
floods in alluvial fans. Because of the massive nature of the
conglomerate, I was unable to discern the bedding orientation
in the field. However, bedding can be distinguished from
aerial photographs, striking N. 67° E. and dipping steeply
(possibly 60°-70°) to the north. The Bench Lake fault in the
vicinity of knobs 325 m and 360 m strikes N. 77° E., and thus
the fault is at a 10° angle to bedding. Conglomerate of the
Wishbone Formation near the Bench Lake fault was found in
outcrops on both sides of the inferred fault.

The Lost-in-the-woods fault was observed on aerial
photographs as a slightly discontinuous linear feature (fig.
3), but is difficult to find on the ground because there are
no significant topographic features near it. Where I ob- -
served the fault at its eastern end, it consisted of a south-
facing scarp with an average height of 3.6 meters, but its
height ranged from 2.4 to 4.4 m. Minor low-discharge
streams that connect bogs within the spruce and birch for-
est cut across the escarpment without a significant change
in gradient. In a soil pit at the base of the scarp, there was
a 25-cm-thick A soil horizon dominated by humus, and
10-20 cm downward into this horizon there were large
cobbles up to 15 cm across (fig. 6). Beneath the A horizon
was 35 cm of poorly-sorted reddish-buff-brown sand, silt,
and clay. The remaining 5+ cm of the pit consisted of stri-
ated pebbles and cobbles in the poorly sorted sand, silt,
and clay, which was probably till. Because of the cobbles
in the A horizon, and because of the topography of the
scarp adjacent to the soil pit, it is likely that the cobbles
rolled into the humus during a surface-faulting event. It is
unlikely that the cobbles were washed into the peat by a
nearby low-discharge stream because the largest clasts
being transported by the stream were silt-to-sand size, and
because a high-velocity stream would have removed the
humus layer. Alternatively, tree windthrow may have in-
troduced the cobbles into the humus. There were uprooted
trees from blowdowns nearby, but only cobbles were seen
in the soil pit, not clasts of all sizes, as would be expected
from tree windthrow.

HATCHER PASS ROAD AREA

The Castle Mountain fault in the vicinity of the
Hatcher Pass Road juxtaposes the Paleocene and Eocene
Arkose Ridge Formation on the north against the Eocene
Wishbone Formation to the south. The actual fault zone is
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Figure 3. A, Uninterpreted vertical aerial photograph in the vicinity of Bench Lake and Lost-in-the-woods faults. B, Same
aerial photograph showing interpreted locations of Bench Lake and Lost-in-the-woods faults, and bedding orientation in
conglomerate of the Wishbone Formation.
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Figure 4. View due south toward 1.5-m-tall scarp at eastern end of Bench Lake fault.
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not exposed; however, outcrops of the Wishbone Forma-
tion and Arkose Ridge Formation are separated from each
other by a distance perpendicular to the fault of about
200 m. In the course of this study, an outcrop of the Wish-
bone Formation was found 200 m north of the mapped
trace of the Castle Mountain fault (Detterman and others,
1976), suggesting that the fault (fig. 2, loc. G) is located
slightly north of its previously mapped position in the cen-
ter of the bend of the Little Susitna River. Detterman and
others (1976) indicated that the Castle Mountain fault con-
sists of two strands that ran through the two prominent
bends in the canyon that the Little Susitna River has
carved. I did not find evidence for the southern strand, al-
though I saw nothing to preclude its presence.

There is virtually no evidence for deformation of the
Wishbone Formation, but the Arkose Ridge Formation is
almost pervasively deformed along anastomosing subverti-
cal brittle faults with muddy gouge. Faulting was especial-
ly common along shale horizons. I noted numerous
subvertical and subhorizontal slickenside striae on slip sur-
faces, as did Bruhn and Pavlis (1981), but I found that
steps on the slickensides were rare. As a result, I was un-
able to make any conclusions of the fault’s history, other
than that both dip-slip and strike-slip motion has occurred
on it. I did not notice any increase in intensity of deforma-
tion approaching the Castle Mountain fault, although
David Doherty (ARCO Alaska, Inc., oral commun., 1993)
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Figure 6. Profile of scarp and soil pit stratigraphy at Lost-in-
the-woods fault.

stated from his observations over a larger area that the
pervasive faulting of the Arkose Ridge Formation is limit-
ed to the vicinity of the fault.

I found no unambiguous geomorphic expression of
the Castle Mountain fault in the vicinity of the Hatcher
Pass Road. However, Detterman and others (1976)
claimed that there were elongate ponds along one of the
traces of the fault east of the Little Susitna River. I ob-
served two ponds on aerial photographs, but both were
elongate roughly perpendicular to the strike of the fault.
Therefore, I conclude that these two ponds are not related
to the fault. I did observe several broad (50-200 m wide)
subparallel linear features weakly defined by vegetation to
the east of the Little Susitna River. One of the vegetation
lineaments is near the trace of the Castle Mountain fault,
and it may be related to the fault, but the remainder of the
linear features may be bedrock ridges mantled by glacial
sediments. West of the Hatcher Pass Road, there is one
linear feature subparallel to the trace of the Castle Moun-
tain fault, although it is located approximately 100 m to
the south of the fault. This feature is defined by an 8-m-
high, north-facing escarpment. From aerial photographs, it
appears that this feature is related to an ancient drainage
that flowed to the west and then to the south. If there was
south-side-up faulting along the Castle Mountain fault
prior to, or during, the time the drainage was active, the
stream may have been constrained by a fault scarp of the
Castle Mountain fault at its southern bank.

AGE OF SURFACE FAULTING
IN THE STUDY AREA

All faulting in the vicinity of Houston certainly post-
dates glacial stagnation and retreat of the late Naptowne
stade glaciers, which occurred prior to 9,000 to 13,000 yr
B.P. Faulting is further constrained to post-date formation
of the alluvial terrace south of the Little Susitna River (fig.
2). There are no radiocarbon dates to better limit the age
of surface faulting in the area; this will be a focus of fu-
ture work.

The age of faulting along the Bench Lake fault and
the Lost-in-the-woods fault is more speculative because
lateral moraines of unequivocal late Naptowne age are not
present. There is an undated lateral moraine and adjacent
kame terrace on the south flank of the Talkeetna Moun-
tains at elevations between 300 and 400 m, which lies to
the north of the Bench Lake fault and the Lost-in-the-
woods fault (fig. 2) (Haeussler, unpublished mapping,
1993; Reger and Updike, 1983). This moraine may be as
old as approximately 40,000 yr B.P. because it is the low-
est pre-late Naptowne-age moraine (Reger and Updike,
1983); however, it could be substantially younger, as Rich-
ard Reger (Alaska Division of Geological and Geophysical
Surveys, oral commun., 1993) contends. To the south of
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this moraine, there are numerous ice-marginal and subgla-
cial channels in the study area (fig. 3) (P. Haeussler, un-
published mapping). The upper (or northern) limit of these
drainages is shown on figure 2, and it may approximate
the late Naptowne ice limit. If so, then surface faulting on
the Lost-in-the-woods fault and the western (inferred) part
of the Bench Lake fault postdates the most recent glacia-
tion. The eastern part of the Bench Lake fault may lie
above the late Naptowne ice limit, and surface faulting
may predate the late Naptowne stade and postdate the
early Naptowne stade. However, I suggest that movement
on the Bench Lake fault is younger than that on the Lost-
in-the-woods fault because (1) the Lost-in-the-woods fault
is dissected by minor streams that do not change gradient
as they cross the scarp, whereas the Bench Lake fault is
not dissected, (2) the scarp on the Bench Lake fault is
more clearly defined and steeper than the scarp on the
Lost-in-the-woods fault, and (3) the soil profile on the
Bench Lake fault is dominated by peat and thus may be
more youthful than the soil profile adjacent to the Lost-in-
the-woods fault, which is dominated by humus. Further
study will attempt to place tighter limits on the age of sur-
face faulting in this area.

DISCUSSION

The principal conclusion of this study is that late
Quaternary surface faulting has occurred more extensive-
ly on or near the Castle Mountain fault than previously
recognized. The identification of the Castle Mountain
fault on the alluvial terrace of the Little Susitna River ex-
tends the eastward limit of its known location near Hous-
ton by 3 km (fig. 2). In addition, there is evidence for late
Quaternary faulting along the Bench Lake and Lost-in-
the-woods faults—two previously unrecognized features.
Both the Bench Lake and Lost-in-the-woods faults lie
north of the inferred trace of the Castle Mountain fault,
and thus they may not be part of the Castle Mountain
fault. Where previously studied, the Castle Mountain fault
consists of one trace (Detterman and others, 1974, 1976).
However, because the Bench Lake and Lost-in-the-woods
faults lie within 1 to 3 km of the inferred trace of the
Castle Mountain fault, and because all three faults have
had late Quaternary surface faulting, the Bench Lake and
Lost-in-the-woods faults may be associated with the Cas-
tle Mountain fault. Also, because the age of surface fault-
ing on the Castle Mountain fault in the Susitna Lowland
is younger than 1,860 yr B.P. (Detterman and others,
1974), the age of faulting on the Bench Lake and Lost-in-
the-woods faults may be substantially younger than the
approximately 10,000- to 40,0000-yr-B.P. constraints on
the maximum age of faulting.

The large-scale geometry of the late Quaternary
faults in the study area is indicated by the sense of slip on

faults in trenches (Detterman and others, 1974; Bruhn,
1979) and by scarp topography (for example, a north-fac-
ing scarp indicates south-side-up motion). Using this data,
most faults in the study area have north-side-up motion,
although there are two cases of south-side-up motion. On
the Castle Mountain fault in the Susitna Lowland, the
north side is up (fig. 2, fault segment A), but the trenches
of Bruhn (1979) had normal faults, whereas the trench of
Detterman and others (1974) had a reverse fault. Just east
of where the Castle Mountain fault crosses the Parks
Highway near Houston, the south side is up (fig. 2, fault
segment C). The Bench Lake fault is south side up, where-
as the Lost-in-the-woods fault is north side up (figs. 5, 6).
The opposing senses of relative offset may be indicative
of strike-slip motion on a system of faults with a simpli-
fied palm tree structure (Sylvester, 1988). However, be-
cause earthquake and most field data (Lahr and others,
1986; Detterman and others, 1974, 1976) indicate the fault
is steeply north-dipping, the north-side-up offset may be
indicative of contractional deformation, which is expected
from North American-Pacific relative plate motions. Nei-
ther end-member explanation is entirely satisfactory, and
perhaps a combination of right-slip and contractional de-
formation is involved.
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High Stand and Catastrophic Draining
of Intracaldera Surprise Lake,
Aniakchak Volcano, Alaska

By R.G. McGimsey, C.F. Waythomas, and C.A. Neal

ABSTRACT

Wave-cut terraces and multiple exposures of lacus-
trine sediment indicate a former, more extensive stand of
intracaldera Surprise Lake in the crater of Aniakchak vol-
cano. The lake once covered nearly half of the caldera
floor and had an estimated volume of about 3.7x10° m>. A
terrace that marks the high stand of the lake is traceable
along the north caldera wall to a break in slope near the
top of a v-shaped notch (The Gates) in the caldera rim.
Downstream from The Gates, the Aniakchak River flows
through a broad, terraced, and boulder-strewn valley. Re-
sults from our preliminary investigations suggest that Sur-
prise Lake may have been at its high stand during the
explosive destruction of an intracaldera stratocone some-
time after 464 yr B.P. Stratigraphic relations suggest that
the lake may have drained during this eruptive episode.
We speculate that the eruptive activity caused water in the
lake to overtop the caldera rim at The Gates, initiating
failure of the caldera-rim dam and subsequent catastrophic
drainage of Surprise Lake.

INTRODUCTION

Because of their basin-like shape, calderas on many
Alaskan volcanoes are geomorphic repositories for water, ice,
and snow. The heat flux associated with these volcanoes
enhances melting of ice and snow, and caldera lakes com-
monly result. The caldera rim is a type of natural dam that
may impound a substantial amount of water depending on the
size of the caldera and the integrity of the bedrock that forms
the rim. Failure of a caldera dam and subsequent catastrophic
drainage of the intracaldera lake can pose a serious hazard to
life and property situated in the flood path (Bolt and others,
1977, p. 94-95). In this report of our preliminary observa-
tions, we present geomorphic and stratigraphic evidence for
(1) a former extensive intracaldera lake at Aniakchak volca-
no, (2) catastrophic drainage of this lake by failure of the

caldera rim dam, and (3) possible linkages between dam
failure and the recent eruptive history of the volcano.

SETTING

Aniakchak volcano is a late Holocene caldera located
670 km southwest of Anchorage on the Alaska Peninsula in
Aniakchak National Monument and Preserve (fig. 1). Sur-
prise Lake covers 2.75 km? of the northeast floor of the
caldera (Cameron and Larson, 1992).

First reported by Smith (1925), the caldera is 10 km
wide, about 1 km deep, and circular in plan-view (figs. 2, 3).
It formed about 3,400 yr B.P. during a cataclysmic eruption
that produced more than 50 km? (bulk volume) of pyroclas-
tic material (Miller and Smith, 1987; Beget and others,
1992). An extensive ashflow sheet, originally covering an
area of about 2,500 km?, extends up to 80 km beyond the
caldera rim and fills glacial valleys of the pre-caldera strato-
volcano to a depth of up to 75 m (Miller and Smith, 1987;
Miller and Smith, 1977).

The highest point in the crater is Vent Mountain, a
prominent 670-m-high stratocone, located in the southern
half of the caldera (figs. 2, 3). Vent Mountain has been
active repeatedly since the caldera formed and may be one
of the oldest features in the caldera (C.A. Neal and R.G.
McGimsey, unpublished field data).

Along the west wall of the caldera is a spectacularly
exposed cross section of a young intracaldera stratocone
called Half Cone (fig. 3). Our work indicates that this was
the site of the most voluminous and explosive post-caldera
eruptive activity. Half Cone was destroyed during a violent
eruption that produced massive intracaldera pyroclastic-
flow and pyroclastic-surge deposits. These deposits extend
about 5 km eastward from the vent across the northern floor
of the caldera. A wide-spread pumice-fall deposit, of strati-
graphic significance to this study, also originated from Half
Cone. Field relations indicate that this deposit, informally
referred to as the “pink pumice,” was formed just prior to
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Figure 1. Location of Aniakchak caldera and other major Ho-
locene volcanoes of the eastern Aleutian arc. Triangles denote
calderas and circles denote stratovolcanoes. From Miller and

g,) Smith, 1987.

Anchorage

L]
Spurr —e

Redoubt = 4

- ANIAKCHA

Figure 2. Aerial oblique view from west of Aniakchak
L caldera. Surprise Lake is located adjacent to northeast rim of
198 caldera. The Gates is prominent notch in east caldera wall in
KIOMETERS |  center of view. Vent Mountain is snow-covered cone in south
' . 5 half of caldera, and 1931 vent is circular crater at bottom
center of photograph. Photograph by M. Woodbridge Will-
iams, National Park Service, 1986.

200 300




HIGH STAND AND CATASTROPHIC DRAINING, SURPRISE LAKE, ANIAKCHAK VOLCANO 61

the eruptive cycle that destroyed Half Cone. Organic matter
immediately beneath this deposit yielded a radiocarbon age
of about 464 yr B.P. (table 1; fig. 3, point D); this is the only
post-caldera tephra unit that has been dated. The deposit is
exposed along much of the caldera rim where itis up to 1 m
thick, and it is also exposed at Half Cone, the flanks of Vent
Mountain, and on the tops of Surprise cone and other tuff
cones north and east of Vent Mountain (fig. 3). In low areas
in the northern half of the caldera, the deposit is unusually
discontinuous and poorly preserved.

Surprise cone is the westernmost of at least three
clustered tuff cones. that pre-date Half Cone (fig. 3). Sur-
prise cone is about 150 m high and the entire western half
of the cone has been removed by erosion, exposing the
eastern inner wall and limbs (fig. 3). The topography of all
three tuff cones is rounded and subdued.

Aniakchak volcano last erupted in 1931 (Hubbard,
1931; Jagger, 1932). The 1931 eruption produced a tephra
cone along the west caldera wall about 4 km northwest of
Vent Mountain and 2.5 km south of Half Cone (fig. 3).

158°10° 1568°00°
T TV
56°55° 56°55"
56°55° i { AT \? ) bl T\ g 3l 56°50"
‘Base modified from USGS Chignik D-1, 1963, 1:63360 158°00°

Figure 3. Topographic map of Aniakchak Crater. Large arrow
shows main emplacement direction of pyroclastic-flow deposits
produced during explosive destruction of Half Cone. Small ar-
rows show direction of view in other figures. Solid circles are
locations of lake sediments discussed in text, and points A-C
mark specific outcrops referred to in text. Point D is location for

radiocarbon-dated organic material underlying Half Cone pum-
ice-fall deposit, which predates destruction of Half Cone. Line X-
X' marks location of traverse across wave-cut terraces on north
caldera wall. Heavy dashed line depicts the maximum area that
would be covered by the proposed last high stand of the lake
(38 km?).
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This eruption deposited tens of meters of tephra adjacent
to the vent, and spread ash over much of southwestern
Alaska (Jaggar, 1932).

Table 1. Radiocarbon age of organic sediment underlying prominent
pumice-fall deposit from Half Cone (sample location on figure 3).

Sample number Calibrated age?

and Reported age
material dated  (14C years B.P)!  Year B.P. Year AD
CAMS-9851 390+60 510, 464, 319 1440, 1486, 1631

organic matter

Age reported in years before present (B.P.) with respect to year AD 1950.
2Ages calibrated using method of Stuiver and Reimer (1993); reported as:
-lo, age, +lo.

GEOMORPHIC RELATIONS
NEAR THE GATES

The elevation of the caldera rim ranges from 1,341 m
at Aniakchak Peak to 320 m at the bottom of The Gates (fig.
3). The caldera floor is highest (700 m) between Vent Moun-
tain and the south wall and generally slopes northward toward
Surprise Lake (321 m). A prominent v-shaped notch in the
east wall of the caldera, The Gates, is the only drainage outlet
from the caldera (fig. 4A4). The maximum width of The Gates
is about 700 m and the depth is about 600 m. The caldera
rim on either side of The Gates is one of the two lowest
points on the entire rim (excluding the bottom of The Gates);
the other is Birthday Pass on the south rim. Exposed in the
south wall of The Gates is an undisturbed sequence of pre-
caldera lava flows and pyroclastic deposits that overlie light-
to medium-gray and greenish-yellow basement rocks of Ju-
rassic, Cretaceous, and Tertiary age (Detterman and others,
1981). From a distance, the north wall of The Gates appears
to contain reddish-orange basement rocks that are fractured,
faulted, and webbed with whitish-gray veins. The alteration

A

Figure 4. A, View east of The Gates from within caldera. Point A marks altitude of the highest of several lake terraces above
Surprise Lake. B, Large slump blocks in north wall of The Gates. Point A marks altitude of the highest of several lake terraces.
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of these rocks likely has a hydrothermal origin. This altered
zone extends for perhaps 0.5 km along the east wall north
of The Gates. On the inside wall of the caldera adjacent to
the north wall of The Gates is a chaotic assemblage of tilted
slump blocks composed of the same altered bedrock as that
in the north wall of The Gates, as well as pre-caldera lava
flows and volcaniclastic rocks (fig. 4B). The contact between
the inner caldera wall and the first slump block forms a small
notch (point A, fig. 3). The crest of this and an adjacent
slump block form a ridge that extends down toward the
caldera floor. The lower several hundred meters of the ridge
is truncated by a horizontal erosion surface (fig. 4B). Other
parts of the caldera wall have veins, dikes, and landslide
debris at the base; however, alteration and veining are par-
ticularly pervasive and numerous only along the caldera wall
that encompasses The Gates.

HIGH STAND OF SURPRISE LAKE

Most geological studies at Aniakchak volcano to
date have focused on the caldera-forming eruption and
post-caldera eruptive activity (Smith, 1925; Hubbard,

Figure 4.—Continued.

1931; Miller and Smith, 1977, Miller and Smith, 1987;
Neal and others, 1992). However, the history of Surprise
Lake and a possible relation between the lake and the lat-
est Holocene eruptive history of the volcano has not been
addressed. Smith (1925, p. 142) conjectured that “Surprise
Lake may have formerly covered a much larger area...but
terraces or high-water marks could not be detected on the
wall at the few places examined.” Subsequent workers
(T.P. Miller, oral commun., 1992) noted possible evidence
of a higher stand of the lake such as the ~4-km? flat, fea-
tureless caldera floor that extends west of the lake, and an
erosion surface that truncates the top of a pumiceous dac-
ite dome about 52 m above present lake level (fig. 3).
During field investigations in 1993, we discovered
lake sediments at several localities on the caldera floor and
lower walls of the caldera above Surprise Lake (fig. 3).
Where best exposed, the lake sediments are laminated,
clayey silt with sandy intervals. Exposures are located in
stream banks on the caldera floor, in gullies on the caldera
wall, and in the breach of Surprise cone. All exposures of
the lake sediments are overlain by pumiceous pyroclastic
deposits from Half Cone. At localities where a complete
sequence of lacustrine sediment was exposed, the deposits
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are about 0.5 m thick and overlie poorly sorted, sandy to
pebbly, reworked volcaniclastic material. At the other lo-
calities, the lacustrine sediments were frozen below about
40 cm, and we could not determine the thickness of these
deposits. One of the 0.5-m-thick sequences of lacustrine
sediment occurs on the lowest of three prominent wave-
cut terraces (point C, fig. 3).

We identified at least three wave-cut terraces on the
northeast wall of the caldera above Surprise Lake (fig. 5).
The terraces are present along the lower half of the north-
east wall of the caldera, which generally has a more gentle
slope than the rest of the inner wall of the caldera (fig. 6).
About 1 meter of primary and reworked tephra, principally
from the eruption of Half Cone, mantles the lower slopes,
including the terraces. The topography along this northeast
section of the caldera wall appears more rounded and sub-
dued in contrast to the remainder of the caldera wall (fig. 6).

Starting at the northwest end of Surprise Lake, we
measured the altitude of the terraces using a Jacob Staff
and Abney Level (fig. 3). The lowest terrace is approxi-

mately 52 m above the lake and is accordant with an ero- -

sion surface on the top of a pumiceous dacite dome (figs.
5, 6). The second terrace is located about 82 m above the
lake, and is at the same level as the top of one of the
slump blocks adjacent to The Gates. The top of this slump
block also appears truncated by an erosion surface. The
highest terrace is 166 m above the lake (elevation 488 m).
Although none of these terraces can be traced continuous-
ly along the northeast caldera wall, matching segments are
preserved intermittently along the wall from our measur-
ing point southeastward to The Gates. A search for lake
sediments on the highest terrace was abandoned when we
encountered frozen ground at about 40-cm depth. Other
terrace segments along the wall were not examined.

Lacustrine terraces typically form during prolonged,
stable stands of a lake when there is sufficient time for
storm waves to batter the coastline. Although wave-cut ter-
races can form when the lake is either rising or falling,
lacustrine deposits on top of the lowest terrace above Sur-
prise Lake indicate that this terrace probably formed dur-
ing the filling cycle of the lake. Because we found no
evidence to the contrary, we have made the assumption
that all of the terraces on the northeast wall of Aniakchak
caldera formed as the lake rose. Assuming otherwise—that
the terraces formed as lake level fell—is inconsistent with
a single, catastrophic draining of the lake. Future examina-
tion of the other terrace segments on the northeast caldera
wall should help us determine whether our assumption is
correct.

From the highest terrace, prominent geographic points
within the caldera at the same altitude were located by hand
leveling to determine areas that were submerged when the
lake was at this position. Among the points that would have
been at or below the highest stand of the lake were a break
in slope above one of the slump blocks adjacent to the north

Figure 5. Northeast caldera wall and remnants of 3 wave-cut terraces formed during higher stands of Surprise Lake.
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Figure 6. Panoramic view south of Aniakchak caldera from highest lake terrace on north wall above Surprise Lake (X',
fig. 3). Surprise cone in center view is breached on the west, facing Half Cone.

wall of The Gates (point A on fig. 4A, B), and the summit of
Surprise cone (fig. 3). At this stand, the lake would have
covered about 38 km?>—more than half of the caldera floor
(fig.3)—and would have had an average depth of about 98
m and a volume of about 3.7x10° m?

NATURAL DAM FAILURE AT THE GATES

At the high stand of the lake, we estimate from to-
pography and hand leveling that the low point on the
caldera rim was within the area now occupied by The
Gates. In its present configuration, formation of The Gates
must post-date the existence of the lake because the bot-
tom of the breach would have been 400 to 600 m below
the lake surface.

The geometry of The Gates is indicative of erosion
by water because the breach is v-shaped and narrow (700
m wide, 600 m deep) and has a low width-depth ratio
(about 1.2). In contrast, Birthday Creek valley, the next
lowest point on the rim (fig. 3), was formed by pre-caldera
glacial erosion and has a width-depth ratio of 12. Thus, it
is unlikely that The Gates were formed by glacial erosion.
Incision of The Gates could not have happened by slow
spillover of water from the lake because the boundary
shear stress at the low point on the caldera rim would be
so small that erosion of bedrock could not occur. Erosion
of bedrock by flowing water is governed by the shear
stress at the rock-water boundary. The boundary shear
stress (T) is a function of the depth of water (D), the spe-
cific weight of water (), and the energy slope (S; approxi-
mately equal to the water surface slope), as indicated by
the following relation (Baker and Costa, 1987):

T =79DS )]

If water begins to flow over the low point in the caldera
rim because of excess inflow, such as an overflowing bath-
tub, both D and S and the resulting T are so small that
erosion cannot occur. Thus, formation of The Gates by flu-
vial erosion requires a significant increase in flow depth

and energy slope. In contrast, if the caldera rim failed,
both flow depth and energy slope would increase, almost
instantaneously, resulting in a flow with significant erosive
capacity. Erosion of the caldera rim will commence when
T exceeds the resistance of the boundary. In bedrock fluvi-
al systems not subject to rapid tectonic uplift, large-scale
erosion of bedrock is nearly always the result of cata-
strophic water floods where bedrock is entrained by pluck-
ing or cavitation (Baker and Komar, 1987).

We surmise that water was, by some mechanism,
discharged rapidly from the intracaldera lake, causing flu-
vial erosion of the caldera rim to produce The Gates. Fur-
thermore, we suggest that incision of the breach was
initiated by failure of the caldera rim at The Gates because
this part of the caldera rim appears to be structurally
weak. If we consider the catastrophic outflow from the int-
racaldera lake to be the result of a natural dam failure, we
can estimate the peak discharge at The Gates using the
method of Costa and Schuster (1988). For earth and rock-
fill dams, the empirical expression used to predict peak
discharge from dimensions of the reservoir and dam is:

0 = 0.0184(E,)**? )

where Q is the peak discharge in meters per second, and
E, is the potential energy of the lake behind the dam in
joules (Costa and Schuster, 1988). Potential energy is de-
termined from the relation:

E, = ()(v)g) 3

where h is the dam height in meters, v is the volume of
the lake, and g is the specific weight of water in newtons
per cubic meter. For h=183 m, v=3.7x10° m3, and g=9,800
N/m? the resulting peak discharge is about 81,000 cubic
meters per second. The regression equation used to devel-
op the relation between peak discharge and potential ener-
gy has a standard error of 91 percent (Costa and Schuster,
1988). This large standard error results from uncertainties
in the indirect estimates of peak discharge from dam fail-
ures used to develop the relation (Costa, 1985; Costa and
Schuster, 1988).
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A context for the postulated Aniakchak caldera flood
is established by comparing the potential energy and peak
discharge of this flood with other dam-break floods (fig. 7).
This plot indicates that even with the large standard error,
the Aniakchak caldera flood would be a significant event,
exceeded by few known dam-break floods. If our hypothe-
sis of a catastrophic caldera rim dam failure is correct, tell-
tale flood evidence should exist outside the caldera.

DOWNSTREAM OBSERVATIONS

We have not yet directly examined the area down-
stream from The Gates, and the following observations
and interpretations are based on brief aerial reconnais-
sance, analysis of air photographs and topographic maps,
and photographs taken by Smith (1925) and during the
1931 Hubbard expedition to Aniakchak (Hubbard, 1931).

Downstream from The Gates, the Aniakchak River
flows in a broad valley about 1 km wide and is flanked by
at least two terraces (Smith, 1925, plate XLIII-C) that
stand an estimated 50 meters above the valley floor and
extend downvalley for several kilometers (figs. 8, 9). A
cursory air-photo survey of other rivers and streams in the
area revealed that none had similar terraces. River terraces
can form in response to a wide range of fluvial, sedimen-
tologic, and tectonic conditions, one of which is cata-
strophic flooding (Bull, 1990). At present, we do not know
if the terraces along the Aniakchak River are fluvial terrac-
es; however, incision of the Aniakchak River valley to
form these features would be a likely consequence of a
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