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Geologic Studies in Alaska
by the U.S. Geological Survey, 1995

By Julie A. Dumoulin and John E. Gray

INTRODUCTION

This collection of 20 papers continues the annual series of U.S. Geologi-
cal Survey (USGS) reports on geologic investigations in Alaskal. Contribu-
tions cover a broad spectrum of earth science topics and report results from
all parts of the State (fig. 1).

USGS activities in Alaska include studies of environment and climate,
hazards, resources, and geologic framework. Five papers in this volume dis-
cuss aspects of environment and climate. Environmental geochemistry of
parts of southwestern and south-central Alaska is the focus of four articles; a
fifth study, of emergent postglacial lake shorelines in southwestern Alaska,
contributes to ongoing investigations of paleoclimate. Two papers address
geologic hazards. The first assesses ground deformation in Katmai National
Park at Novarupta dome, site of the largest volcanic eruption in this century,
and the second evaluates earthquake risks related to the “Twin Peak fault”
near Anchorage. Resources, including metallic minerals in northern, south-
western, and southeastern Alaska and coal in south-central Alaska, are dis-
cussed in four articles. Nine geologic framework studies apply a variety of
techniques to a wide range of subjects throughout Alaska, including tecton-
ics, geophysics, geochronology, biostratigraphy, sedimentology, paleogeogra-
phy, and paleomagnetism.

Two bibliographies at the end of the volume list reports about Alaska in
USGS publications released in 1995 and reports about Alaska by USGS au-
thors in non-USGS publications in 1995.

This volume is the first to be published as a USGS Professional Paper. Prior volumes were
published as USGS Bulletins (1988-1994) and USGS Circulars (1975-1987). The current title format was
adopted for the 1985 volume; previous volumes were published under the title “The United States Geo-
logical Survey in Alaska: Accomplishments during 19__."
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Hydrogeochemistry of Mine-Drainage Waters Associated with
Low-Sulfide, Gold-Quartz Veins in Alaska

By Richard J. Goldfarb, Clifford D. Taylor, Allen L. Meier, William M. d’ Angelo, and
Richard M. O’Leary

ABSTRACT

Surface waters were sampled above and below both
abandoned and active mine workings associated with low-
sulfide, gold-quartz veins in the Fairbanks, Willow Creek,
and Juneau gold belt mining districts. All samples were
analyzed for pH, dissolved and total cations, and dissolved
anions. Waters were generally found to have near-neutral
pH, with two exceptions. Waters flowing through mill tail-
ings in the stream valley adjacent to the Hi-Yu mine in the
Fairbanks district had a pH of 5.2. Near Juneau, processing
of ore in the early 1900’s at the Mexican mine on Douglas
Island included concentrating sulfide minerals and dump-
ing them in the adjacent forest. Effluent collected down-

stream from these mine wastes had a highly acidic pH of

2.9.

Iron, arsenic, and antimony in mine effluent are the
constituents that are most consistently elevated above back-
ground concentrations. Because of the acidity of water
draining the mill-waste pile near the Mexican mine, dis-
solved-iron concentrations exceeded 300,000 ppb. In more
neutral waters, total-iron concentrations were elevated where
an abundance of colloidal and suspended hydrous oxides
were released into surface waters from lode and nearby
placer-tailings piles. A concentration of 31,000 ppb total
iron was measured for waters flowing from placer tailings
along Too-Much-Gold Creek near Fairbanks, whereas dis-
solved iron at the same site was only 490 ppb. Within the
Fairbanks district, maximum dissolved-arsenic levels of 260-
270 ppb in stream waters were interpreted as background
at one site and as elevated owing to mining activity at
another site. Concentrations of as much as 8,900 ppb total
arsenic were measured for waters associated with placer
piles, the result of suspended or colloidal arsenic-bearing
phases that were eroded from the piles or the absorbtion of
dissolved arsenic onto ferric hydrous oxides. Where abun-
dant stibnite occurs in the gold veins, waters associated
with mine workings contained as much as 510 ppb Sb.

INTRODUCTION

Low-sulfide, gold-quartz veins are common through-
out the medium-grade metamorphic terranes of Alaska and
historically have been the most widely developed deposit
type in the state. Previous studies in Alaska focus on the
environmental effects resulting from relatively small-scale
mining of some of these vein systems on and near U.S.
Forest Service and Park Service lands (Cieutat and others,
1994; Trainor and others, 1996). Data from these small
deposits indicate minimal environmental impact as a result
of acid mine drainage, although surface waters may be
locally enriched in arsenic and iron. The purpose of this
study is to evaluate how the development of much larger,
low-sulfide, gold-quartz vein deposits may have impacted
local surface-water quality. Resulting data are critical for
identifying environmental problems associated with aban-
doned mine lands and for helping land planners better pre-
dict potential adverse effects of acid mine drainage and
toxic metal contaminants that may result from future min-
ing in Alaska. Additionally, identification of baseline lev-
els of many elements are important in establishing
reasonable standards for restoration of disturbed areas.

Hydrogeochemical studies were conducted in a num-
ber of Alaska’s most economically significant past gold
districts—the Willow Creek district, the Fairbanks district,
and the Juneau gold belt (fig. 1A). Water samples were
collected from adits and below waste piles at the Indepen-
dence, Gold Cord, and High Grade mines in the Willow
Creek district (fig. 1B). Near Fairbanks, surface waters were
sampled that drained from adits and below mine and mill
tailings of the Hi-Yu, Christina, and Scrafford mines (fig.
1C). Gold placer deposits are located downstream from
many of the gold-quartz lodes in the Fairbanks district. We
therefore also collected waters flowing through some of
the placer-tailings piles. In the Juneau gold belt, we col-
lected waters from the two largest lode gold deposits in
Alaska (fig. 1D). We sampled surface waters at the
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Treadwell deposit, including those of the abandoned glory
hole at the Treadwell mine and below the mill tailings of
the adjacent Mexican mine, and also those draining the
underground workings of the Alaska-Juneau deposit.
Samples for background metal levels were collected above
mine workings in each of the three districts in order to
establish baseline concentrations prior to mining. In addi-
tion to our collected data, we evaluated available hydro-
geochemical information from private company reports for
a few gold properties (Fort Knox and Alaska-Juneau) pres-
ently under development in Alaska.

The mineralogy of the deposits plays a major role in
determining the chemical character of associated mine drain-
age (Smith and others, 1994). Low-sulfide, gold-quartz veins
generally contain no more than a few percent sulfide min-
erals in the veins and in adjacent country rocks. The sulfide
minerals that are present vary from one deposit to the next
depending on what base metals are most enriched in local
host rocks. In dioritic host rocks in the Willow Creek dis-
trict and at the Treadwell deposit, pyrite is the dominant
sulfide phase. At the Alaska-Juneau deposit, where veins
lie along metagabbro-phyllite contacts, pyrrhotite, sphaler-
ite, and galena are the dominant sulfide phases. In the schist-
dominant part of the Fairbanks district where we conducted
our field investigations, arsenopyrite and stibnite were the
most common sulfide minerals in the gold lodes.

FIELD AND LABORATORY METHODS

Water samples were collected in the period August
22-29, 1995, near abandoned and active gold mines in the
Willow Creek district, Fairbanks district, and Juneau gold
belt. At each of 29 sample sites, we measured water tem-
perature, pH, and conductivity with standard meters and
probes. Hach colorimetric kits were used in the field for
determination of alkalinity. All resulting field measurements
and descriptions of sampled sites are summarized in table 1.

Two water samples for cation analyses were collected
in 60-mL polyethylene bottles at each site. One of  these
samples was unfiltered and was obtained for a combined
measurement of total cations (both dissolved and suspended
metal content). The second sample was collected, follow-
ing filtration through 0.45-pm filter, for determination of
only dissolved-cation concentrations. Both samples were
acidified in the field with concentrated nitric acid to a pH
of less than 2. An additional unacidified, filtered sample
was collected in a 125-mL polyethylene bottle at each site

<« Figure 1. A, Location map of the major low-sulfide, gold-quartz

vein districts in Alaska. B, Sampled mine locations from the
Willow Creek district, south-central Alaska. C, Sampled mine
locations from the Fairbanks district, central Alaska. D, Sampled
water sites from the Juneau gold belt, southeastern Alaska.

for anion analysis. At about half of the sites, two additional
samples were collected in 2-oz glass bottles, one unfiltered
for total-mercury concentration and one filtered through a
45-um membrane for dissolved-mercury concentration. Both
of these samples were acidified with nitric acid and potas-
sium dichromate. Because mercury levels in natural waters
are extremely low and would certainly be at concentrations
below analytical determination limits, we restricted this sam-
pling to localities downstream from mine workings.

Major, minor, and trace element contents of the acidi-
fied filtered and unfiltered, 60-mL samples were determined
by inductively coupled plasma-mass spectrometry (ICP-MS)
(Meier and others, 1994). Concentrations for more than
sixty elements were determined directly from each sample,
with lower determination limits for most elements at the
parts per trillion level. Mercury concentrations for samples
collected in the 2-oz glass bottles were determined by cold-
vapor atomic absorption spectrophotometry using a tech-
nique modified from Kennedy and Crock (1987). Anion
concentrations were determined on the filtered, unacidified
125-mL samples using ion chromatography (Fishman and
Pyen, 1979).

HYDROGEOCHEMISTRY OF MINE
WATERS

Hydrogeochemical data were collected for samples of
effluent emanating from some of Alaska’s largest mine adits,
mine-waste piles (fig. 24), mill-tailings dumps (fig. 2B, C),
and placer workings that are associated with low-sulfide,
gold-quartz vein systems. These data were compared with
natural background geochemical concentrations in surface
waters from areas where mines and deposits are unknown.
This comparison should identify whether potentially toxic
concentrations of certain metals or abnormal pH conditions
are being produced as a result of the oxidation of sulfide
minerals and leaching of the weathered rock. Water
geochemistry varies with season and discharge volume; the
data in this study are for low flows in the late summer.
However, the data presented here provide an indication of
what, if any, geochemical constituents are significant envi-
ronmental concerns associated with the mining of these
gold-rich deposit types. Dissolved cations are summarized
in table 2, total cations in table 3, and dissolved anions in
table 4.

BACKGROUND DATA

Waters collected at sites 3, 5, and 8 in the Willow
Creek district, sites 11, 15, and 24 in the Fairbanks district,
and site 25 in the Juneau gold belt (fig. 1) are representa-
tive of natural background conditions in areas undisturbed
by mining. Values for pH at these sites are slightly alka-
line, varying between about 7.2 and 7.8 (table 1). Mea-
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Table 1. Field measurements and site descriptiohs for hydrogeochemical sampling near low-sulfide, gold-bearing vein deposits in

Alaska

[Sites 3, 5, and 8 in the Willow Creek district, sites 11, 15, and 24 in the Fairbanks district, and site 25 from the Juneau gold belt were selected to reflect

local background conditions)

Sample pH Temp. Conductivity Alkalinity Site Description
site (°C) (1uS/cm) (mg/LL as CaCO3)
Willow Creek district
1 6.94 4 127 K Below Independence mine-tailings pile
2 7.79 2 249 75 Flow from Independence mine portal
3 7.78 4 69 21 Background stream, north side of portal, Independence mine
4 7.28 4 166 48 Below Gold Cord mine-tailings pile
5 7.48 7 80 2% Upstream from Gold Cord mine
6 8.68 7 82 27 Flow from High Grade mine portal
7 7.45 4 66 21 Below High Grade mine-tailings pile
8 7.54 6 51 19.5 Stream in valley to the east
9 772 6 119 37 Main stream 40 m below Independence tailings
10 7.71 7 135 38 Main stream 1.5 km south of Independence mine
Fairbanks district
11 7.66 6 173 U5 Too-Much-Gold (TMG) Creek above trenches
12 6.73 8 172 43 Fe-stained seep in placer tailings, TMG Creek -
13 7.50 9 149 50 TMG Creek flowing through placer tailings
14 7.85 1 210 85 Fairbanks Creek in tailings piles
15 7.49 6 133 0 Moose Creek 150 m upstream of Hi-Yu mill
16 5.18 9 339 <10 Moose Creek in Hi-Yu mill tailings
17 7.65 8 175 46 Branch of Moose Creek, west side of tailings
18 7.49 10 170 kY Branch of Moose Creek, immediately below tailings
19 7.14 9 182 4 Moose Creek above junction with Fairbanks Creek
20 6.27 13 38 <10 Holding pond at Christina mine
21 7.60 3 324 105 Drainage from Christina mine adit
2 7.28 5 383 i 155 Cleary Creek in placer tailings
3 8.09 6 532 250 Flow below Scrafford mine tailings
24 7.23 4 141 0 Creek above Scrafford mine workings
Juneau gold belt
25 7.65 9 60 2 Waterfall before entering Treadwell pit
% 722 n 56. 17 Treadwell pit
27 2.89 11 2350 <10 Below Mexican mine mill tailings
-] 8.03 7 3834 170 Ebner mine portal
2 8.04 6 897 160 Gold Creek tunnel draining Alaska-Juneau mine

sured alkalinities at the background sites ranged between
about 20 to 26 mg/L as CaCO, for the Willow Creek dis-
trict and the Juneau gold belt, and between about 50 to 75
mg/L as CaCO, for the Fairbanks district. Because calcu-
lated alkalinities approximate measured values at most sites
(table 4), carbonate alkalinity from the dissolution of car-
bonate minerals is clearly dominant. Most sampled surface
waters are dilute, calcium bicarbonate-type waters. In addi-
tion to carbonate, sulfate is the other dominant anion, with
background concentrations ranging between 2.3 ppm in the
Willow Creek district to 20 ppm in the Fairbanks district
(table 4).

Background conductivities range from about 50 to 80
puS/cm for waters in the Juneau gold belt and Willow Creek
district, and from about 133 to 173 puS/cm in the Fairbanks
district (table 1). Calcium is consistently the dominant cat-
ion in solution, with background concentrations measured
between 7 and 22 ppm (table 2). Background levels for the
major cations (Ca, Mg, and K) are double to an order of

magnitude greater for stream waters in the Fairbanks area
relative to those in the other gold districts. This difference
likely reflects the much greater abundance of calc-silicate
lithologies and the greater degree of water/rock interaction
due to increased infiltration in the much more gentle ter-
rain of the Fairbanks region. Background levels for dis-
solved minor and trace elements in all districts studied are
generally below analytical determination limits and are es-
timated to be <40 ppb Fe, <0.1 ppb Co, <1 ppb Ni, <2 ppb
Cu, <0.6 ppb Pb, <2 ppb Zn, 2 ppb Cd, <2 ppb As, <1 ppb
Sb, and <0.1 ppb Hg. Total-cation concentrations in the
unfiltered samples (table 3) are generally similar to those
for dissolved concentrations. (In a few cases of mine drain-
age where total concentration of a species is significantly
greater than dissolved concentration, the data for the unfil-
tered waters are discussed in detail below.)

All three of the background water samples from the
Fairbanks district show high concentrations for dissolved
arsenic and (or) antimony (table 2) relative to typical sur-
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A face waters (Hem, 1992). For example, the acidified, fil-
tered sample collected above any known workings on Too-
Much-Gold Creek contained 260 ppb As and 23 ppb Sb
(site 11). These elevated concentrations suggest the pres-
ence of sulfide-bearing rocks and undiscovered low-sul-
fide, gold-quartz vein occurrences within the upper part of
the basin. Such high background arsenic concentrations may
characterize natural waters throughout much of the highly
mineralized Fairbanks district, especially near zones of
ground-water discharge. A sample of well water that we
collected from a private residence (adjacent to the Univer-
sity of Alaska) in Fairbanks contained 360 ppb As. Other
workers have reported as much as 5,000 ppb As dissolved
in ground water in the Fairbanks area (Hawkins and others;
1982; Krumhardt, 1982). Arsenic measurements of as low
as 5 ppb for waters above the Scrafford mine (site 24), 10-
30 ppb in many streams in the district (Wilson, 1975; Ray
and others, 1992), and only a few parts per billion in sur-
face and ground waters near the Fort Knox mine (Fairbanks
Gold Mining, Inc., unpub. data) indicate large variability
for dissolved-arsenic concentrations within natural waters
across the district.

Whereas water at background site 24 contains only 5
ppb As, elevated concentrations of 500 ppb Fe, 120 ppb
Al, 31 ppb Mn, 0.6 ppb Co, 2.9 ppb Ni, 4.8 ppb Sb, 0.10
ppb Hg, and 2.9 ppm NO;™ at a pH of 7.2 were measured.
The reason for these anomalies is uncertain. Because of the
low arsenic concentration in these waters, it is unlikely that
the waters interacted with sulfide-bearing mineral occur-
rences. One possibility is that the anomalies may result
from a local, natural occurrence of colloidal ferric, alumi-
num, and manganese oxides that adsorbed many trace met-
als and ammonium cations.

ACIDITY

Acid mine drainage is generally not a major concern in
association with the prospecting or mining of low-sulfide,
gold-quartz veins (Goldfarb and others, 1995). The low-
sulfide mineral content of these ores, in combination with
the presence of carbonate minerals that buffer water acid-
ity, typically prevents the formation of acidic waters. Most

< Figure 2. A, Voluminous mine tailings at the Independence mine,
Willow Creek district. The water sample at site 1 was collected a
few meters below the point of discharge of a small stream at the
base of the tailings pile. B, Finely ground mill tailings adjacent to
the Hi-Yu mine, Fairbanks district. The water sample at site 16
was collected from Moose Creek in the middle of the tailings. C,
Sulfide-rich mill tailings of the Mexican mine of the Treadwell
orebody, Juneau gold belt on Douglas Island. The water sample
at site 27 was collected in a bright-red discharge approximately
20 m downstream from the bulldozed pile.
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Table 2. Concentrations of dissolved cations in filtered waters draining and (or) near major low-sulfide, gold-quartz vein deposits in Alaska

[All data in ppb except for Ca, Mg, and Na, which are in ppm; * is background site]

Sample Ca Mg Na K Fe Al Mn Co Ni Cu Pb Zn Cd As Sb Hg

site (ppm) (ppm) (ppm)
Willow Creek district
1 14 6.2 3.6 460 <40 <10 06 <0.1 0.6 L <06 29 2 3 23 <01
2 25 96 >80 600 <40 <10 0.4 0.1 1.0 2 <06 3 2 37 39 <01
3* 97 098 095 280 <40 10 03 <01 <05 QL <06 L 2 2 04 —
4 20 5.0 1.6 460 <40 <10 <0.3 0.1 1.0 <2 <06 L 2 3 32 <01
5% 10 0.99 093 29 <40 <i0 <0.3 <0.1 0.5 Q <06 29 2 <2 06 -—
6 12 0.63 1.3 330 <40 <10 <03 <01 0.6 < <06 < 2 5 16 <01
7 93 049 094 270 <40 <10 <03 <0.1 0.6 Q <06 L 2 4 10 —
8* -67 080 078 240 <40 <10 09 <01 <05 QL <06 <2 2 <2 03 -~
9 13 29 2.7 330 <40 <10 19 <01 <05 Q <06 <2 2 9 12 <01
10 14 3.4 2.3 380 <40 <10 04 <0.1 0.8 <2 <06 <2 2 2 09 <0.1
Fairbanks district
11* 22 34 1.3 560 <40 <10 <03 <0.1 1.0 <2 <0.6 2 2 260 23 —
12 19 53 1.5 540 490 <10 200 20 42 L <0.6 a2 2 140 15 -
13 20 37 1.3 450 40 <10 8.5 02 20 L <0.6 2 2 100 21 <0.1
14 29 7.0 1.5 750 <40 <10 22 02 22 L <0.6 <2 2 4 2 <0.1
15* 21 33 1.2 470 <40 <10 0.5 <01 1.0 <2 <0.6 59 2 4 26 —
16 31 13 24 890 340 190 860 13 100 9.7 48 2000 20 0 14 <0.1
17 22 54 1.6 580 120 2 170 05 20 2 06 360 46 & 88 —
18 20 5.0 20 550 180 <10 240 06 22 L <0.6 16 2 49 18 <0.1
19 23 5.6 1.7 860 <40 <10 24 <01 6.7 2] <0.6 110 2 38 83 0.11
20 31 070 033 1000 <40 10 23 03 27 29l <0.6 29 2 270 510 —
21 49 94 1.5 600 130 <10 280 15 12 2 <0.6 1500 3 8 200 —
2 57 14 29 2200 0 10 83 02 55 5 <0.6 2 2 14 22 —
3 74 30 2.8 1900 <40 <10 1.7 02 3.7 2 <0.6 <2 2 92 200 -
24* 19 6.5 1.0 580 500 120 31 06 29 4 <0.6 <2 2 5 48 0.10
Juneau gold belt

25* 11 0.59 1.2 260 0 20 05 <01 05 <2 <06 2 2 <2 03 —
% 9.6 072 1.3 280 140 40 76 <01 1.0 <2 <06 3 2 <2 03 <0.1
27 93 20 64 1700 330,000 7500 1800 160 120 380 21 2500 32 Q2 <02 <01
28 34 1 >80 1400 200 <10 1.3 03 34 2 <0.6 6 1 7 20 —
29 120 37 6.2 3600 40 <10 0.8 04 10 <2 <0.6 4 2 2 10 <0.1

measured pH values for waters draining gold-mine work-
ings in Alaska are alkaline and similar to waters away from
the mines. Waters draining the underground workings of
the Alaska-Juneau mine, Alaska’s largest lode gold producer,
had a pH of 8.0 (site 29), and those flowing out the portal
of the large Independence mine had a pH of 7.8 (site 2).
Waters below a few of the studied mine tailings show
minor pH decreases, having changed from slightly alkaline
backgrounds to near-neutral levels where seeping from the
base of tailings piles. For example, a small rill of water
emanating from the base of the large tailings pile immedi-
ately east of the portal to the Independence mine had a pH
of 6.9 (site 1). Oxidation of the 2-3 percent sulfide miner-
als, mainly pyrite, within the tailings produced a small
amount of acid. Because water pH was 7.7, tens of meters
downstream from the Independence mine (sites 9 and 10),
influx from these tailings has little overall impact on wa-
ters of the Fishhook Creek basin. A pH measurement of
6.7 for water seeping through placer tailings along the lower
reaches of Too-Much-Gold Creek (site 12) suggests that,
like lode-tailings piles, oxidation of sulfides in placer piles
may contribute small amounts of acid to local surface

flows. Alkaline pH values of 8.7 for water within the portal
of the High Grade mine (site 6) indicate buffering by car-
bonate minerals.

We identified more strongly acid water in association
with two broad, bulldozed zones of milling wastes. In the
Fairbanks district, we measured a water pH of 5.2 from
Moose Creek where water was flowing through the middle
of the fine-grained mill tailings (fig. 2B) from the nearby
Hi-Yu mine (site 16). The most acidic water that we mea-
sured (pH of 2.9) was for a bright-red, 1-m-wide stream
flowing below mill tailings produced during the early 1900’s
(fig. 2C) at the abandoned Mexican mine on Douglas Is-
land (site 27). The mined quartz-calcite veinlets contained
only a few percent pyrite with lesser chalcopyrite, and the
water data suggest that these tailings contain sulfide miner-
als concentrated from the processing of ore. Much of the
gold at the Mexican mine is found in sulfide minerals.
During processing, the ore was crushed and ground, and
then sulfide minerals were concentrated for gold extraction
by either amalgamation with mercury or by heap leaching
(Kinzie, 1904; Redman and others, 1991). Because this
processing was done at the turn of the century, little thought
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Table 3. Concentrations of total cations in unfiltered waters draining and (or) near major low-sulfide, gold-quartz vein deposits in Alaska

[All data in ppb except for Ca, Mg, and Na which are in ppm; * is background site]

Sample Ca Mg Na K Fe Al Mn Co N Cu Pb Zn d As Sb Hg
site (ppm) (ppm) (ppm)
Willow Creek district
1 12 58 29 410 ($4] p.4) 12 01 06 2 <06 <2 1 3 23 027
2 23 9.1 7.1 610 280 5% 43 02 20 2 09 5.1 2 39 39 <«0.1
3* 88 097 078 230 <40 <10 <03 <01 <05 Q <06 <2 2 <2 05 —
4 18 52 15 470 3700 1100 57 20 20 10 58 11 1 80 48 024
5% 99 10 087 290 160 8 - 26 02 06 Q2 <06 <2 2 2 07 —
6 11 062 12 310 320 130 50 0.1 06 2 <06 30 2 7.7 17 <«0.1
7 88 051 088 260 <40 <10 <03 <0.1 <05 <2 <06 <2 2 2 08 —
8* 72 093 080 260 <40 <10 <03 <01 07 Q2 <06 <2 2 <2 04 —
9 12 29 25 320 0 30 34 <01 06 QL <06 <2 1 9.5 1.1 <0.1
10 14 33 21 370 <40 10 06 <0.1 08 2 <06 <2 2 10 09 <0.1
Fairbanks district
11* 22 35 13 560 240 120 12 02 10 2 <06 50 2 290 20 —
12 20 58 16 580 31000 140 800 12 62 <2 21 170 32 8900 25 <01
13 20 38 13 460 340 9% 14 03 20 2 10 40 2 140 21 <01
14 28 72 14 740 1900 640 70 12 37 2 53 69 2 110 23 -
15% 21 34 12 500 220 o 68 02 20 2 08 64 2 30 26 —
16 31 13 24 920 470 190 860 13 99 10 63 1900 21 120 14 <0.1
17 22 55 15 560 580 61 180 06 18 3 38 380 52 150 11 -
18 20 52 20 550 3200 9 470 13 31 L 13 28 2 410 28 0.58
19 24 58 17 860 160 10 30 02 638 < <06 110 2 44 76 <0.1
20 30 078 033 1100 700 260 35 05 31 4 57 36 2 320 480 <0.1
21 48 94 14 600 3800 220 1600 98 22 5 31 2200 53 810 - 250 <0.1
2 57 14 30 2200 2200 630 22 10 70 10 10 5.6 2 24 22 <01
23 74 31 29 2000 0 <10 22 04 40 Q <06 < 2 89 210 <01
A4* 20 70 11 840 770 140 38 07 26 4 <0.6 40 2 7.9 49 <0.1
' Juneau gold belt

25% 12 066 12 290 170 ¢l 27 02 08 Q2 <06 <2 2 <2 04 —
% 10 075 12 270 210 9 80 0.1 10 <L <06 20 2 <2 02 <0.1
27 110 28 75 2000 360,000 >8000 2000 170 140 430 18 2600 27 4 04 <0.1
2B 42 13 >8.0 1700 130 20 17 03 5.1 Q2 <06 53 1 78 17 —
29 140 43 70 4200 40 <10 09 05 12 <2 <06 45 2 3 09 <0.1

was likely given at the time to the proper disposal of the
tailings; they were generally piled up near the mill site.
Their subsequent oxidation resulted in the acid generation.

ARSENIC

Arsenopyrite is a common constituent of many gold-
bearing quartz veins, and arsenic is a toxic metalloid that
could potentially have a significant environmental impact
during mining (Goldfarb and others, 1995). Arsenic con-
centrations are slightly elevated in mine drainage from stud-
ied workings in the Juneau gold belt and the Willow Creek
district relative to local background levels. Arsenopyrite is
a minor sulfide mineral in the Alaska-Juneau orebody, and
therefore measured arsenic concentrations in waters drain-
ing the orebody did not exceed 7 ppb (site 28). Arsenopy-
rite is rare in the Treadwell orebody, and thus the arsenic
content of waters emanating from the Mexican mill tailings
is correspondingly low (<2 ppb As). In the Willow Creek
district, waters draining from the Independence mine portal
contained 37 ppb As (site 2), and the main creek 1.5 km

downstream from the mine contained 12 ppb As (site 10).
Therefore, dissolved-arsenic concentrations of mine-drain-
age water in both of these major districts are below the
State of Alaska MCL (maximum contaminant level) stan-
dard of 50 ppb (table 5).

Our unfiltered water sample collected below the tail-
ings of the Gold Cord mine in the Willow Creek district
(site 4) contained 80 ppb As (table 3), whereas the dis-
solved-arsenic concentration at this site was only 3 ppb
(table 2). Relative to other waters from the district, the
unfiltered water at site 4 also contained high levels of alu-
minum (1,100 ppb), iron (3,700 ppb), titanium (30 ppb),
vanadium (2.9 ppb), chromium (1.0 ppb), manganese (57
ppb), cobalt (2.0 ppb), nickel (2.0 ppb), copper (10 ppb),
zinc (11 ppb), lead (5.8 ppb), and many rare earth ele-
ments. This element suite is consistent with trace metals
and especially arsenic being sorbed onto suspended hy-
drous ferric and aluminum oxide particles in waters ema-
nating from the Gold Cord tailings pile. K.S. Smith and
others (1992) noted that arsenic is strongly sorbed to iron-
rich suspended matter in mine-drainage water at near-neu-
tral pH conditions.
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Table 4. Concentrations of dissolved anions in waters draining and (or) near major low-
sulfide, gold-quartz vein deposits in Alaska

[All samples were also analyzed for Br and HPO; all values for these anions were below lower
determination limits of 0.2 ppm and 1 ppm, respectively. All data in ppm,; alkalinities are as ppm
CaCOs; * is background site]

Sample F- NO7 cl- SO42-  Measured  Calculated
site alkalinity 1 alkalinit)i
1 . <005 092 012 32 u 3
2 0.11 0.56 027 38 75 a3
3* - <005 <0.50 027 6.6 21 A
4 <0.05 0.55 012 18 8 0
5* <0.05 0.62 0.13 1.1 % %
6 <0.05 0.64 0.17 6.3 Z] KV
7 <0.05 0.65 0.17 6.2 21 yA]
8* <0.05 <0.50 <0.10 23 19.5 17
9 <0.05 <0.50 018 14 37 3
10 <0.05 <0.50 016 14 K K\]
11+ 0.08 <0.50 024 10 75 55
12 0.15 <0.50 013 24 43 8
13 0.08 <0.50 020 20 0 0
14 0.10 <0.50 018 28 & 73
15% 0.07 2.1 019 11 € 3
16 0.17 0.60 018 150 <10 L
17 0.09 1.3 019 40 46 55
18 0.10 <0.50 022 39 » 0
19 0.10 <0.50 028 43 42 3
20 <0.05 <0.50 0.17 9.6 <10 8
21 0.16 <0.50 029 72 105 123
2 0.07 2.9 029 77 155 143
3 0.14 1.7 019 91 250 185
24* 0.07 29 018 20 0 /8
25 <0.05 <0.50 0.44 4.9 2 B
% <0.05 <0.50 0.68 4.8 17 L
) 033 <0.50 22 1130 <10 233
B 0.33 27 2.1 48 170 &
2 <0.05 <0.50 053 349 160 300

1 Data from table 1 '
2 Calculated values assume all alkalinity as HCO3 and are determined from measurements of Ca2* and pH using
the assumption that dissolved-carbonate species contribute most of the alkalinity

Unlike waters associated with the workings in the Ju-
neau and Willow Creek areas, waters in the Fairbanks re-
gion contain arsenic at concentrations that are of potential
environmental concern. Even natural background levels in
the Fairbanks district, as described above, commonly ex-
ceeded the 50 ppb State of Alaska MCL standard; hence, it
is not possible to specifically attribute high-dissolved-ar-
senic concentrations to past mining activities. Drainage
from the mouth of the Christina adit (site 21) contained 84
ppb As. It is uncertain whether this value would exceed
premining concentrations of arsenic in waters infiltrating
soils on the hillside. On the other side of the divide, how-
ever, and just about 2 km southeast of the Christina mine
workings, Ray and others (1992) reported dissolved-arsenic
concentrations on upper Fairbanks Creek that ranged from
only 9 to 34 ppb over a 4-day-long period. These samples

were collected above known placer operations but directly

‘downstream from the abandoned lode operations of the

McCarty mine. A concentration of 270 ppb As, as well as a
highly anomalous concentration of dissolved antimony, were
measured in water ponded among a series of mineralized
trenches a few hundred meters uphill from the Christina
adit (site 20).

The presence of arsenopyrite, and its oxidized product
scorodite, in lode mine tailings in the Fairbanks district is
clearly the source for elevated arsenic concentrations in
waters collected downstream from the studied lodes. At the
Scrafford mine, waters flowing through waste rock exhib-
ited an increase in arsenic concentration from 5 ppb above
tailings (site 24) to 92 ppb below tailings (site 23). Simi-
larly, the dissolved arsenic in waters of Moose Creek in-
creased from 24 ppb As at 150 m above tailings (site 15) to
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Table 5. Water standards for humans, aquatic life, and wildlife

[All data in ppb]

Constituent U.S. Evironmental State of Alaska's MCL2  Safe water quality criteria
Protection Agency's for wildlife3
cMmc!
Antimony -- 6 --
Arsenic 360 50 --
Cadmium 3.9 5 410-51,000
Chromium - 100 --
Copper 18 1,000 410-589,000
Iron = 300 --
Lead 82 - 1,015-2,640
Mercury 24 2 --
Nickel -- 100 -
Sulfate -- 250,000 --
Zinc 120 5,000 490-506,000

ICriteria maximum concentration (CMC), to protect against acute effects in aquatic life, is the highest 1-hour
average instream concentration of the constituent not to be exceeded more than once every 3 years
(Environmental Protection Agency, 1992). Values for cadmium, lead, and zinc assume a water hardness of 100

mg/L as CaCO5.

2Maximum contaminant level (MCL) is the State of Alaska's maximum allowable concentration for public
drinking water (Alaska Department of Environmental Conservation, 1994).

3Data are presented as a range estimated from a variety of sources gathered in a 1992 study by Woodward-Clyde

(Fairbanks Gold Mining, Inc., unpub. data, 1994).

80 ppb As in the Hi-Yu mill tailings that are bulldozed
throughout the center of the stream valley (site 16). Al-
though this concentration exceeds the State of Alaska MCL
standard for arsenic, it is lower than the 260 ppb As con-
centration of the background water collected from Too-
Much-Gold Creek, less than 2 km west of Moose Creek
(site 11). :

Although placer-tailings piles may contain concentra-
tions of arsenopyrite and scorodite, dissolved-arsenic con-
centrations in waters collected downstream from placer
mines in the Fairbanks district are similar to those at back-
ground sites. Near the center of a heavily placer-mined
stretch of Cleary Creek (site 22), measured dissolved-ar-
senic concentrations were only 14 ppb. On Fairbanks Creek,
immediately above its junction with Too-Much-Gold Creek
(site 14), waters flowing through a heavily placer-mined
area contained 44 ppm As. Ray and others (1992) reported
dissolved-arsenic concentrations between 41 ppb and 84
ppb at essentially the same location over a 4-day-long pe-
riod during 1991. Wilson (1975) reported somewhat higher
levels of dissolved arsenic for water samples collected from
streams with active placer mining in the district and fil-
tered through 0.45-pum filters. He measured as much as

1,260 ppb dissolved arsenic within the waters of Cleary
Creek, but this value came during a period of abundant
sluicing that was associated with a high suspended load.

" Much of the “dissolved” material may thus have included

fine colloidal particles (colloidal particles being material in
the 0.003- to 10-um range) that passed through the filter.

At many locations, total arsenic concentrations are not
significantly greater than those for dissolved arsenic in cor-
responding samples. Total arsenic concentrations for wa-
ters collected below the Scrafford mine tailings (site 23),
within the tailings on Cleary Creek (site 22), and within the
tailings on Fairbanks Creek (site 14) were all no greater
than 110 ppb. Similarly, Ray and others (1992) reported
only a 30-50 percent increase from dissolved- to total-ar-
senic values for samples collected below placer operations
on Fairbanks Creek.

Total-arsenic concentrations for some of the mine wa-
ters in the Fairbanks area are extremely high relative to
dissolved concentrations. Measured values for total arsenic
are nearly an order of magnitude greater than dissolved-
arsenic values for waters immediately below the Hi-Yu
mill tailings (site 18) and in waters flowing from the Chris-
tina adit (site 21). Total arsenic in waters from a small rill
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in tailings piles near the mouth of Too-Much-Gold Creek
(site 12) was 8,900 ppb, whereas dissolved arsenic from
the same location was only 140 ppb. Wilson (1975) re-
ported total-arsenic loads of about 12,000-17,000 ppb dur-
ing one sampling period at a variety of sites on upper Cleary
Creek. Total-iron concentrations of 3,200-3,800 ppb at our
sampled sites 18 and 21, and of 31,000 ppb at site 12,
suggest either that very fine grained suspended Fe- and As-
bearing sulfide or oxide minerals were transported or that
dissolved arsenic was sorbed onto the suspended material.

High-total-arsenic concentrations also are occasionally
measured in ground water in the Fairbanks district. Water
quality data from Fairbanks Gold Mining, Inc. (unpub. data)
indicate that well water collected just north of the Fort
Knox orebody on one occasion contained 1,060 ppb total
As and 40 ppm total Fe, despite dissolved levels of 2 ppb
As and 3.2 ppm Fe. These data suggest a correlation be-
tween total arsenic in waters and colloidal or suspended
iron-rich particles. Arsenic- and iron-bearing sulfide min-
erals are virtually absent in the Fort Knox ore system, but
these water data indicate that unexposed sulfide-rich min-
eral occurrences exist somewhere near Fort Knox.

ANTIMONY

Antimony is often enriched in low-sulfide, gold-quartz
veins. Though not as common as arsenopyrite, antimony-
bearing sulfide phases such as stibnite and tetrahedrite are
occasional minor minerals in ore veins. Minor tetrahedrite
is found in the ores in the Willow Creek district and in the
Alaska-Juneau deposit of the Juneau gold belt. Antimony-
bearing minerals are common in the gold deposits of east-
central Alaska within the Yukon-Tanana terrane. Many of
the gold-vein deposits of the Fairbanks and Kantishna Hills
districts (near Mt. Denali) contain abundant stibnite and
Sb-rich sulfosalts.

Dissolved antimony increases by about an order of
magnitude, from a background concentration of 0.3-0.6 ppb
(sites 3, 5, and 8) to 2.3-3.9 ppb (sites 1, 2, and 4), for
samples collected downstream from mine workings in the
Willow Creek district. Similarly in the Juneau gold belt,
waters draining the Alaska-Juneau orebody (sites 28-29)
contain slight enrichments of 1-2 ppb Sb relative to back-
ground concentrations of <1 ppb. These concentrations are
all below the State of Alaska’s MCL standard of 6 ppb
(table 5).

Antimony concentrations in surface waters from
throughout the Fairbanks district, conversely, commonly
exceed the State of Alaska MCL. Our data indicate that
background levels for dissolved antimony may be in the
20-25 ppb range in parts of the Fairbanks region (i.e, site
11). One to two orders-of-magnitude increases above back-
ground in dissolved antimony characterize waters draining
the boulangerite- and jamesonite-bearing veins at the Chris-

tina mine and the stibnite-bearing veins at the Scrafford
mine. Anomalous concentrations include 510 ppb Sb in
water collected from the holding pond at the Christina work-
ings (site 20), 200 ppb Sb for waters draining the Christina
adit (site 21), and 200 ppb Sb for waters collected below
the Scrafford mine tailings (site 23). Ground-water samples
in the Fish Creek basin near the Fort Knox orebody gener-
ally contain less than 3 ppb Sb, but values of 25-49 ppb Sb
measured in a well in the area indicate episodic influxes of
Sb-rich ground water (Fairbanks Gold Mining, Inc., unpub.
data).

Total-antimony concentrations (table 3) are similar to
those for dissolved antimony. Even for samples associated
with mine workings, where arsenic levels increase by an
order of magnitude between dissolved and total analyses
(sites 12, 18, and 21), corresponding antimony concentra-
tions only increase by 25 to 66 percent. Hence, adsorption
of antimony onto suspended or colloidal particles is not as
significant a phenomenon as is adsorption of arsenic.

MERCURY

Mercury-bearing sulfide minerals are not common in
low-sulfide, gold-quartz veins, and problems due to mer-
cury toxicity would not be associated with the weathering
of this type of mineral deposit. Historically, however, lig-
uid mercury was used in the amalgamation method for gold
extraction. As a result, high concentrations of mercury have
been detected downstream from gold operations in many
parts of the world decades after the cessation of mining
(Fuge and others, 1992; Callahan and others, 1994). Be-
cause almost all of the abandoned gold-mine lands in Alaska
were mined in the first half of the 20th century, the use of
mercury for amalgamation of gold may have added addi-
tional amounts of the element into the environment in many
parts of the state.

Our data indicate that dissolved-mercury dispersion
from abandoned mining operations is not a significant en-
vironmental concern in the districts that we studied. Only
one filtered water sample, downstream from the Hi-Yu mine
(site 19), contained dissolved mercury above the 0.10 ppb
lower determination limit (table 2). Mercury is likely con-
tained in suspended sediment or adsorbed onto suspended
organic matter, clay, and hydroxides. Evidence for such
suspended transport of mercury is found in unfiltered water
samples collected below some of the studied mine tailings
(table 3). Measured total-mercury concentrations of 0.24
and 0.27 ppb characterized waters draining tailings piles in
the Willow Creek district (sites 1 and 4), and a value of
0.58 ppb was determined for water immediately downstream
from the Hi-Yu mill tailings (site 18). None of the dis-
solved- or total-mercury determinations, however, exceeded
the State of Alaska MCL standard of 2 ppb (table 5).
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IRON

Iron is an important constituent in the study of the
hydrogeochemistry of mine waters because Fe-bearing sul-
fide phases (i.e., pyrite and arsenopyrite) are the most com-
mon sulfide minerals in low-sulfide, gold-quartz veins.
Dissolved-iron levels (table 2) are generally below the 300
ppb State of Alaska MCL standard (table 5), even in waters
below mine workings. However, the abundant formation of
hydrous ferric oxides in much of the mine-waste material
often leads to significantly greater total iron concentrations
(table 3).

All filtered waters collected from the Willow Creek
district (sites 1-10) contained <40 ppb dissolved Fe; how-
ever, at many workings, total-iron concentrations were no-
tably greater in unfiltered water samples. Waters collected
a few meters below the inactive Independence and High
Grade mine tailings (sites 1 and 7) contained <60 ppb total
Fe, but those collected from the portals of the mines con-
tained about 300 ppb total Fe (sites 2 and 6). Ferric
oxyhydroxides may have precipitated on bacteria and other
microorganisms within the mine adits, leading to the el-
evated total-iron levels. Water below the Gold Cord mine-
tailings pile (site 4) contained a highly anomalous
concentration of 3,700 ppb total Fe. Because the Gold Cord
mining operation is active, associated tailings may be rela-
tively permeable, allowing surface waters greater access to
oxidizing sulfide minerals and the consequent release of
iron hydroxides into the circulating waters.

Total- and dissolved-iron concentrations did not ex-
ceed 210 ppb for waters draining the Alaska-Juneau orebody
(sites 28 and 29) and within the flooded Treadwell pit (site
26). The acidic water (pH 2.9) collected from below the
Mexican mine mill tailings (site 27), however, contained
330,000 ppb dissolved Fe and 360,000 ppb total Fe. These
are the highest iron concentrations that we have measured
in any mine waters from Alaska; they are an order of mag-
nitude greater than any acidic waters that drain workings of
the iron-rich volcanogenic massive sulfide deposits in the
Prince William Sound region (Goldfarb and others, 1996)
and are similar in concentration to waters flowing from
shale-hosted massive sulfide ores in the northwestern Brooks
Range (Kelley and Taylor, in press).

Dissolved-iron concentrations are close to or exceed
the MCL standard in a few water samples collected below
the lode and placer mines in the Fairbanks district. Iron
concentrations of 490 ppb were measured in a seep in placer
tailings on Too-Much-Gold Creek (site 12), and of 340 ppb
along Moose Creek within the Hi-Yu tailings (site 16).
Similar concentrations are reported by Fairbanks Gold Min-
ing, Inc. (unpub. data) in water collected from Fish Creek,
where there are numerous placer mine tailings. However, a
background water sample collected above the Scrafford mine
workings (site 24) contained 500 ppb dissolved Fe, the
highest concentration in the district (table 2). The high dis-

solved-iron and dissolved-aluminum concentrations at this
site, located a few meters below where the water flows out
from the mountainside, show that significant iron levels
may locally occur near areas of chemically reduced ground-
water discharge. Reduced ground water at near-neutral pH
can commonly contain 1-10 mg/L (1 mg/L is about 1,000
ppb) of iron (Hem, 1992). Dissolved-iron concentrations
exceeding 1,000 ppb characterize most of the ground water
samples collected by Fairbanks Gold Mining, Inc. (unpub.
data) from wells in the Fish Creek basin. We measured a
concentration of 26,000 ppb dissolved Fe in well water
from a private residence within the Fairbanks city limits.

Total-iron concentrations are much greater throughout
most of the studied parts of the Fairbanks district. Iron
concentrations of 2,220 ppb and 1,900 ppb characterize
waters collected within the large placer piles along Cleary
Creek (site 22) and Fairbanks Creek (site 14), respectively.
The seep within the smaller placer piles on Too-Much-
Gold Creek (site 12) contained 31,000 ppb total Fe; similar
total-iron concentrations were found in waters from the
Fish Creek basin (Fairbanks Gold Mining, Inc., unpub. data).
The abundance of unconsolidated to poorly consolidated
material resulting from placer mining is a major source of
iron-rich suspended material released into the surface wa-
ters of the Fairbanks district.

BASE METAL AND ADDITIONAL METALLOIDS

Most low-sulfide, gold-quartz veins contain much less
than 1 percent base-metal sulfides, and hence waters drain-
ing workings at such vein deposits generally lack signifi-
cant base-metal concentrations (fig. 3). For all samples
collected in the Willow Creek district (sites 1-10), mea-
sured concentrations of dissolved trace metals are low (table
2) and similar to background levels; they do not exceed 0.1
ppb Co, 1.0 ppb Ni, <2 ppb Cu, <0.6 ppb Pb, 3 ppb Zn, 2
ppb Cd, 0.8 ppb Cr, and <0.6 Bi. Total concentrations for
some of these elements in water collected below the Gold
Cord mine tailings (site 4) are elevated (table 3), but they
are still far below State of Alaska MCL standards (table 5).
Even at the Alaska-Juneau deposit (sites 28 and 29), where
the ore contains as much as a few percent base-metal-bear-
ing sulfides, the filtered water samples contained a maxi-
mum concentration of <0.8 ppb Cr, 0.4 ppb Co, 10 ppb Ni,
44 ppb Zn, 2 ppb Cd, <0.6 ppb Pb, <0.6 ppb Bi, 2 ppb Cu,
and 30 ppb W.

Despite rare base-metal sulfides in the ore removed
from the Treadwell deposit, acid mine drainage (pH 2.9) at
the Mexican mine mill (site 27) is highly metalliferous. At
a pH below 3.0, most metals are mobile in solution. In
addition to the high dissolved-iron concentrations discussed
previously, the drainage from the mill tailings contained 11
ppb Cr, 160 ppb Co, 120 ppb Ni, 380 ppb Cu, 2,500 ppb
Zn, 32 ppb Cd, and 21 ppb Pb. The dissolved-nickel and
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dissolved-cadmium concentrations exceed State of Alaska
MCL standards (table 5).

The most base-metal-rich mine waters identified in the
Fairbanks district were associated with the mill tailings of
the Hi-Yu mine; ore at the mine contained abundant sphaler-
ite. As a result, the weakly acidic waters (pH 5.2) of Moose
Creek flowing through the tailings (site 16) were found to
contain 2,000 ppb Zn and 20 ppb Cd, in addition to anoma-
lous levels of dissolved Ni, Cu, Pb, Mn, Fe, and Al. Cad-
mium exceeds the State of Alaska MCL standard but is
below the cadmium standard estimated to be hazardous to
wildlife in the area (column 3, table 5). Adsorption of some
trace metals onto ferric hydroxides probably explains con-
centrations of 9.8 ppb total Co and 31 ppb total Pb in iron-
rich waters draining the Christina mine adit (site 21) and of
12 ppb total Co in iron-rich waters along Too-Much-Gold
Creek (site 12).

The Fort Knox deposit contains an extremely small
volume of sulfide minerals, but bismuthinite and native
bismuth are minor in the gold-bearing quartz veins. Almost
all measurements by Fairbanks Gold Mining, Inc. (unpub.
data) for waters on Fish Creek downstream from Fort Knox

contained less than their various reported lower analytical
determination limits of 30 ppb, 44 ppb, or 56 ppb Bi. How-
ever, on a few occasions, these waters contained as much
as 93 ppb dissolved Bi and 153 ppb total Bi. Elsewhere in
the Fairbanks district, we found our collected samples to
all contain <0.6 ppb Bi.

SULFATE

None of our sulfate determinations in waters collected
from the Willow Creek or Fairbanks districts (table 4) ex-
ceeded the 250 ppm State of Alaska MCL standard (table
5). In the Willow Creek district, sulfate concentrations
ranged between background values of about 2-8 ppm (sites
3, 5, and 8) to a maximum concentration of 38 ppm at the
Independence Mine portal (site 2). The lowest sulfate con-
centration from the Fairbanks district was 10 ppm for wa-
ters collected at higher elevations of Too-Much-Gold Creek
(site 11). The corresponding anomalous dissolved-arsenic
and dissolved-antimony values at site 11 are surprising given
the relatively low sulfate measurement, but perhaps small
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Figure 3. Ficklin diagram plotting pH vs. dissolved base-metal content of mine-drainage waters. Fields A, B,
and C (from Plumlee and others, 1994) define fields for the West Shasta district volcanogenic massive sulfide
deposits, sulfide-rich vein deposits in rocks with low-buffering capacity, and sulfide-rich vein deposits in
carbonate host rocks, respectively. Data from this study indicate that mine waters draining workings at low-
sulfide, gold-quartz vein deposits are typically high pH/low metal. Exceptions occur where ore-processing
techniques increase sulfide-mineral/surface-water interactions.
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and unexposed volumes of arsenic- and antimony-bearing
sulfide minerals are present. The low iron concentration in
waters at site 11 suggests that large amounts of pyrite are
not present in these occurrences. The highest sulfate con-
centration from our study in the Fairbanks district was 150
ppm for waters of Moose Creek within the Hi-Yu mill
tailings (site 16). Whereas sulfate concentrations in most
ground-water samples were much lower, Fairbanks Gold
Mining, Inc. (unpub. data) reported concentrations of as
much as 65 ppm for dissolved sulfate and 325 ppm for
total sulfate in well waters near the Fort Knox property.

Two anomalous sulfate concentrations were found in
waters collected at workings in the Juneau gold belt. The
metal-rich waters draining the mill tailings of the Mexican
mine (site 27) contained 1,130 ppm sulfate due to oxida-
tion and dissolution of sulfide concentrate. Despite rela-
tively low dissolved-metal values, waters draining the
Alaska-Juneau deposit from the Gold Creek tunnel (site
29) contained 349 ppm sulfate. This is the only dissolved
constituent in waters from the workings of Alaska’s largest
gold mine that exceeds the State of Alaska MCL standard.
However, sulfate levels in effluent from the Alaska-Juneau
orebody are apparently quite variable. Measurements at
the Gold Creek tunnel by Echo Bay Mines (unpub. data)
vary between a maximum of also about 1,000 ppm sulfate
and a minimum of 6.8 ppm sulfate. Such variation could
reflect varying flow paths for the effluent within the
extensive underground mine workings, changes in ground-
water discharge volumes, or periodic influx of surface-
water runoff.

DISCUSSION

Mining and weathering of low-sulfide, gold-quartz vein
deposits typically result in more limited environmental con-
tamination than does the mining of more sulfide-rich de-
posit types (duBray, 1995). Arsenic from oxidized ores
and mercury from processing procedures have characteris-
tically been the trace elements of greatest concern. Ther-
modynamically favored As (V) is the most common
inorganic arsenic species dissolved in natural waters, but
the human metabolism tends to reduce the species to the
more toxic As (III) following ingestion. If As (III) be-
comes bioavailable and migrates to the kidneys and other
vital organs, it poses a major cancer threat in humans
(Eisler, 1988; A.H. Smith and others, 1992). Little work
has been published on arsenic speciation in Alaska’s ground
and surface waters. However, a limited amount of data
collected by Hawkins and others (1982) indicates that As
(IIT) makes up a high percentage of the total arsenic dis-
solved in ground waters in the Fairbanks district. In con-
trast to the relatively high toxicity of inorganic arsenic,
organic forms of mercury (such as methylmercury) are the
most toxic, are soluble in water, and are the most serious

mercury health concern to humans and other living organ-
isms.

Effluent from the studied mine adits is generally metal
poor and neutral to slightly alkaline in pH (fig. 3). Waters
collected from the adits in the Willow Creek district (sites
2 and 6) contained only 5-37 ppb dissolved As, <40 ppb
dissolved Fe, 1.6-3.9 ppb dissolved Sb, and 6-38 ppm sul-
fate; base metals at these sites are also at background lev-
els. Similar low values characterized cations in waters
draining the Alaska-Juneau orebody in the Juneau gold belt
(sites 28 and 29), although sulfate levels were as great as
349 ppm. In contrast, much higher dissolved-metal levels
of 130 ppb Fe, 84 ppb As, 200 ppb Sb, and 1,500 ppb Zn
characterize drainage from the Christina mine in the
Fairbanks district (site 21). Corresponding total-arsenic and
total-iron concentrations are nearly an order of magnitude
greater because of either the adsorption and colloidal trans-
port with hydrous oxides or the transport of fine-grained
suspended material.

The cause for the comparatively greater amounts of
metal dissolution at the Christina mine is uncertain. An
abundance of caved-in vein material within the adit may
have enhanced water-rock interaction. Although uncom-
mon, extremely acidic mine drainage has been reported
from other adits in low-sulfide, gold-quartz vein deposits
and also may be the result of waters interacting with pieces
of sulfide-rich ore scattered along the adit floor. An aban-
doned adit at the Macres gold deposit in the Haast schist on
the eastern side of the South Island of New Zealand was
characterized by a neutral pH discharge carrying a dis-
solved load of 2,800-4,000 ppb As, 3,800-7,300 ppb Fe,
and 180 ppm sulfate (BHP Gold New Zealand, unpub. en-
vironmental impact assessment, 1988). An abandoned adit
in the Reefton district in older Paleozoic rocks on the west-
ern side of the same island had effluent with a pH mea-
sured at 2.9. Under such acidic conditions, increased metal
solubilities led to dissolved concentrations of 77,000 ppb
As, 80,000 ppb Fe, and 1,590 ppm sulfate (Macres Mining
Company Ltd., unpub. environmental impact assessment,
1994).

The concentration of mined sulfide-bearing quartz vein
and wall rock material stored in abandoned waste piles can
be a significant source of hydrous ferric oxides with
adsorbed metals and of mercury from ore processing. None
of the measured mercury concentrations exceeded EPA-
CMC or State of Alaska MCL standards (table 5), but the
elevated mercury concentrations in waters below tailings at
the Independence (site 1), Gold Cord (site 4), and Hi-Yu
(site 18) mines (table 3) indicates the need for monitoring
of mercury concentrations in waters draining historic mine
operations. A roughly one order-of-magnitude increase in
total iron relative to dissolved iron, with an associated in-
crease in arsenic, occurred in waters below the tailings at
the Hi-Yu and Gold Cord tailings piles. Waters flowing
through placer piles showed a similar enrichment in total-
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iron and total-arsenic concentrations on Too-Much-Gold
(site 12), Fairbanks (site 14), and Cleary (site 22) Creeks.

Certain processing techniques used at historic mine
workings may increase environmental problems if result-
ing tailings were abandoned in waste piles. At the Hi-Yu
mine, ore was crushed to fine grain sizes before gold ex-
traction. Hence, the mill tailings along Moose Creek offer
a greater total surface area for water-rock interaction. As a
result, acidic waters of a measured pH of 5.2 (site 16) can
dissolve and transport greater-than-background metal con-
centrations. The concentration of sulfide grains prior to
gold mining may lead to formation of increased acid mine
drainage in association with a deposit type that normally
lacks such problems. This must certainly be the case at the
Mexican mine (site 27), where water below the milled tail-
ings has a pH of 2.9 and is anomalously metal rich.

SUMMARY

Our data from the Willow Creek district are typical of
those from many low-sulfide, gold-quartz vein districts
(Goldfarb and others, 1995). The lowest pH value mea-
sured in the district was near neutral (pH 6.9), and dis-
solved-ion concentrations draining all workings were below
the Alaska and EPA water-quality standards. Total concen-
trations of 80 ppb As and 3,700 ppb Fe below the Gold
Cord tailings piles indicate enhanced transport of ferric
hydrous oxides from oxidized, poorly consolidated mine
wastes.

All cation concentrations in waters draining workings
of the Alaska-Juneau deposit, the State’s largest past gold
producer, are similar to background concentrations. For-
mation of sulfate during weathering of sulfide minerals leads
to concentrations of as much as 349 ppm sulfate dissolved
in mine effluent. At the nearby Treadwell mine glory hole,
waters contain cation and anion concentrations similar to
water samples collected from background sites. During min-
ing and milling of ore at the Mexican mine, sulfide miner-
als were likely concentrated. During the ensuing weathering
of the tailings, acidic waters of pH 2.9 were produced con-
taining a dissolved load of 330,000 ppb Fe, 7,500 ppb Al,
1,800 ppb Mn, 160 ppb Co, 120 ppb Ni, 380 ppb Cu, 2,500
ppb Zn, 32 ppb Cd, and 1,130 ppm SO‘%‘.

The Fairbanks district is characterized by surface wa-
ters with variable, but often quite. high, natural background
levels of dissolved arsenic and dissolved antimony. We
measured concentrations as high as 260 ppb As and 23 ppb
Sb in surface waters upstream from mine workings. Dis-
solved-antimony concentrations were as much as 200 ppb
in the Christina adit water samples and 200 ppb in water
collected below the stibnite-rich tailings of the Scrafford
mine. Total-iron and total-arsenic levels are elevated com-
pared with background levels where abundant oxides form
in lode and placer tailings piles. Concentrations of as much

as 31,000 ppb Fe and 8,900 ppb As were measured along
Too-Much-Gold Creek.
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Environmental Geochemical Study of the Nabesna Gold Skarn
and Kennecott Strata-Bound Copper Deposits, Alaska

By Robert G. Eppinger, Stephen J. Sutley, and John B. McHugh

ABSTRACT

An environmental geochemical study was undertaken
at the Nabesna skarn and Kennecott strata-bound copper
deposits to determine metal dispersion and metal-suite char-
acteristics in various sample media, and to assess the
present-day effects caused by historic mining and milling
activities. Bedrock in the Nabesna mine area consists pre-
dominantly of Upper Triassic limestone, with subordinate
exposures of underlying Triassic Nikolai Greenstone and
overlying calcareous argillite and siltstone of the Jurassic
to Cretaceous Nutzotin Mountain Sequence. The Triassic
carbonate rocks were intruded by Early Cretaceous grano-
diorite stocks and dikes, resulting in the formation of gold-
bearing, pyrite-pyrrhotite-magnetite skarns. Strata-bound
copper deposits at Kennecott are within the lower part of
the Upper Triassic Chitistone Limestone, near its discon-
formable contact with the underlying Nikolai Greenstone.

Water (stream, spring, pond) and solid (stream-sedi-
ment, heavy-mineral-concentrate, rock, mine waste, and mill
tailings) samples were collected and analyzed for a broad
suite of elements. All sampled natural waters had near-
neutral pH values and contained low total dissolved metals.
Surface waters are generally buffered by surrounding car-
bonate rocks in both areas, and such waters have a reduced
capacity to transport metals. The highest dissolved-metal
content in water from the Nabesna area was 360 ppb Zn in
a sample collected below the Nabesna mill. At Kennecott,
the highest dissolved-metal content in water was 67 ppb
Cu in a sample collected below the Kennecott mill. Higher
sulfate content in Nabesna area waters (mean SO~ content,
190 ppm) compared with Kennecott area waters (mean SO%‘
content, 8.9 ppm) is probably due to the widespread pres-
ence of pyrite, pyrrhotite, and associated sulfate salts in the
Nabesna area, and to the relative lack of iron-bearing sul-
fides at Kennecott.

The overall metal suite Ag-As-Au-Bi-Cd-Cu-Fe-Mo-
Pb-Zn is found in solid samples collected from mining and
milling areas at Nabesna. A similar metal suite is found in
sediments from adjacent unmined areas, suggesting the pos-
sibility of additional gold-skarn mineralization in these ar-
eas. Although highly variable, the naturally high metal

contents in sediments from unmined areas may be useful in
deriving pre-mining background levels for some metals.
Anomalous mercury concentrations, found throughout the
Nabesna mill tailings samples and in sediment directly be-
low the tailings, likely have an anthropogenic origin re-
lated to amalgamation processes.

The metal suite As-Cu-Hg characterizes sediments, con-
centrates, and rocks proximal to mining and milling areas
at Kennecott. Distal sediments and concentrates have a simi-
lar, but less intense, metal suite.

Water leaches of eight Nabesna mill tailings and mine-
waste samples had pH values below 3, high conductivities
(mean conductivity, 5,200 uS/cm), and very high concen-
trations of Fe (mean concentration, 1,100 ppm), As (mean,
430 ppb), Co (mean, 260 ppb), Cu (mean, 8,400 ppb), Pb
(mean, 1,200 ppb), Zn (mean, 1,300 ppb), and several other
cations. Data from the water-leach test suggest a potential
for acid generation and an influx of metals in waters during
spring runoff or summer storm events. However, rapid
downstream dilution by well-buffered waters would prob-
ably mitigate these effects.

INTRODUCTION

In 1994, an environmental geochemical study was un-
dertaken at the Nabesna mine, mill, and surrounding areas,
and in the vicinity of the Kennecott mill and the nearby
Bonanza and Erie mines. The purpose of the study was to
determine the metal suites and extent of metal dispersion
and to assess the present-day effects of past mining. Vari-
ous sample media were collected and concentrations of a
large suite of trace elements were determined to assess
metal content in the different media.

The Nabesna gold mine is located in eastern Alaska, in
the south-central part of the Nabesna 1°x3°quadrangle, and
is surrounded by Wrangell-St. Elias National Park and Pre-
serve (fig. 1). Topography varies from relatively subdued
near the valley bottom at the Nabesna mill (about 900 m
in elevation), to the steep slopes and cliffs of White Moun-
tain (about 1,860 m) immediately to the west. The Nabesna
and nearby Rambler mines are located on the eastern flank
of White Mountain (fig. 24).
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The Kennecott mill and its associated copper deposits
are located south of Nabesna, in the central part of the
McCarthy 1°x3° quadrangle, and also are surrounded by
Wrangell-St. Elias National Park and Preserve (fig. 1). The
Kennecott mill complex lies at the base of Bonanza Peak
(2,128 m), along the edge of the Kennicott Glacier, at about
610 m in elevation. The mines which supplied the mill are
located several thousand feet higher on the steep slopes of
Bonanza Ridge (fig. 3).

GENERAL GEOLOGY, DEPOSIT
SETTING, AND MINING HISTORY

Deposits at both Nabesna and Kennecott are found
within the Wrangellia terrane (Jones and others, 1977), one
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of the accretionary terranes that constitute the geology of
southern Alaska. Wrangellia originated at low paleolatitudes
in the proto-Pacific region and probably was sutured to
southern Alaska during the Late Cretaceous (Plafker and
Berg, 1994).

NABESNA

Rocks exposed at White Mountain, near the Nabesna
mine, are predominantly Upper Triassic limestone; lesser
underlying Nikolai Greenstone, an amygdaloidal subaerial
basalt of Middle to Late Triassic age; and lesser overlying
calcareous argillite and siltstone of the Upper Jurassic and
Lower Cretaceous Nutzotin Mountain Sequence (fig. 24)
(Moffit, 1943; Wayland, 1943; Lowe and others, 1982,
Newberry, 1986). The limestone, referred to as Chitistone
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Figure 1. Location of the Nabesna and Kennecott mines within Wrangell-St. Elias National Park and Preserve, Alaska.
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Limestone by Wayland (1943) but simply as Triassic mas-
sive limestone by Lowe and others (1982), consists of about
366 m of massive limestone, overlain by about 244 m of
thin-bedded limestone (Wayland, 1943). It is intruded by
Early Cretaceous stocks and dikes of granodiorite and quartz
diorite (Wayland, 1943; Lowe and others, 1982; Newberry,
1986). The Triassic to Cretaceous rocks are overlain un-
conformably by andesitic and basaltic lavas of the Tertiary
to Quaternary Wrangell Lava (Lowe and others, 1982). The
intrusion of granodiorite into the carbonate sequence re-
crystallized some limestone and formed gold-bearing, iron-
sulfide-rich skarn bodies. These skarns were exploited at
the Nabesna and Rambler mines. Principal ore minerals
were pyrite, pyrrhotite, magnetite, and chalcopyrite, with
minor galena, sphalerite, arsenopyrite, and stibnite. Gangue
minerals included garnet, wollastonite, vesuvianite, epidote,
actinolite, hornblende, chlorite, scapolite, apatite, serpen-
tine, and quartz (Wayland, 1943; Newberry, 1986). The
main gold ores were pyrite veins along crosscutting frac-
tures in limestone. Minor gold was produced from massive
magnetite and pyrrhotite bodies (Wayland, 1943). Total gold
production is listed in Theodore and others (1991) as 0.08
million metric tons at 25 g/t Au. Wayland (1943) also re-
ports unquantified, but small, production of silver and cop-
per. The Nabesna skarn deposit is classified as an iron
skarn with byproduct gold (Theodore and others, 1991, table
3), although no iron was produced.

Gold was first panned at the foot of White Mountain
in 1899 (Wayland, 1943). The earliest claims were located
in the Nabesna mine area between 1903 and 1905, and
sporadic work continued into the 1920’s. In 1929, the
Nabesna Mining Corporation was formed and mine devel-
opment was accelerated (Hunt, 1996). By 1935, the opera-
tion was running year-round and a stamp mill was
processing 60 tons of ore per day. By 1940, the deposits at
the Nabesna mine were exhausted. However, the discovery
in 1941 of a nearby gold-bearing pyrrhotite skarn body
(probably the Rambler orebody) prompted small-scale ex-
ploration and mining (Moffit, 1944). Sporadic exploration
and drilling continued at Nabesna into the 1980’s. Pres-
ently, the mill and associated buildings are standing but in
disrepair; a small amount of stockpiled ore remains near
the old tram; mine-waste rock remains near the mill and on
slopes below caved adits high on White Mountain; and a
thin (locally about 1 m) veneer of fine, pyrite-rich and
iron-oxide-rich mill tailings is present over a several-thou-
sand-square-meter area below the mill.

KENNECOTT

Strata-bound copper deposits in the Kennecott area are
found in the lower part of the Chitistone Limestone, near
the disconformable contact with the underlying Nikolai
Greenstone (fig. 3). Basalt flows of the Nikolai Greenstone

are mainly tholeiitic, have a high background copper con-
tent of around 150 ppm, and are more than 2,740 m thick
in the Kennecott region (MacKevett and others, 1997). The
Chitistone Limestone grades upward into the Nizina Lime-
stone. The carbonate rocks represent a deepening-upward
succession; the lower part of the Chitistone accumulated in
an intertidal-supratidal, locally sabkha setting; whereas the
Nizina was deposited in a moderately deep water marine
environment (MacKevett and others, 1997). In the McCarthy
quadrangle, the maximum thickness of the Chitistone Lime-
stone is about 600 m and the maximum thickness of the
Nizina Limestone is about 500 m (MacKevett, 1978).

The Kennecott deposits were mined for their spectacu-
larly high-grade copper ore, which locally exceeded 70 per-
cent. MacKevett and others (1997) suggest that the
Kennecott deposits formed through the following sequence:
(1) copper-enriched Nikolai Greenstone was extruded dur-
ing the Middle or Late Triassic; (2) carbonate sediments
(Chitistone Limestone) were deposited in a Late Triassic
marine embayment on the Nikolai Greenstone; (3) sabkha-
facies deposits, rich in sulfates and organic matter, formed
locally in the embayment and restricted circulation, leading
to evaporation that resulted in brine development; (4) karst
features developed in exposed parts of the lower Chitistone
Limestone following marine regression; (5) the Chitistone
was buried by as much as 3,050 m of marine limestone,
black shale, and other sedimentary rocks of the Nizina Lime-
stone and the McCarthy, Nizina Mountain, and Root Gla-
cier Formations; (6) the section was folded, faulted, and
uplifted during the Late Jurassic to Early Cretaceous; (7)
uplift and folding provided hydrologic head that caused
brine circulation and leaching of copper from the Nikolai
Greenstone; and (8) large orebodies formed in fissures and
breccias in the lower Chitistone Limestone when migrating
copper-rich brines mixed with reduced fluids derived from
gypsum-organic matter mixtures in the sabkha horizons.
The copper ore was mainly chalcocite and djurleite, with
lesser chalcopyrite, bornite, covellite, digenite, anilite,
luzonite, idaite, malachite, azurite, chalcanthite, and
orpiment (Bateman and McLaughlin, 1920; MacKevett and
others, 1997). More than 535,000 metric tons of copper

- and several million ounces of silver were produced from

1911 to 1938, the major period of mining activity
(MacKevett and others, 1997).

Early Russian explorers reported implements of cop-
per used by Copper River Indians at the mouth of the Cop-
per River (Douglass, 1964). Prospecting in the region in
the late 1890’s probably was stimulated by the Klondike
gold rush. The first Kennecott-type deposit was found by
prospectors in 1900, who located extensive copper-stained
outcrops crowning the Bonanza deposit, high above the
Kennicott Glacier (Douglass, 1964; Hunt, 1996). The other
principal deposits were located within the next few years.
The first ore was shipped in 1911, but the peak of mining
activity was from 1915 to 1929. Copper sulfide ore was
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gravity-concentrated and shipped directly for processing in  refining. The mines ceased production in 1938 because of
Washington. Copper was stripped from carbonate ore (mala-  low reserves, low copper prices, and labor problems
chite and azurite) at the mill using a Kennecott-developed  (MacKevett and others, 1997). Presently, much of the mill
ammonia leach process, and then it was shipped for further  area remains intact, and carbonate-rich mine-waste rock
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Figure 2. A, Generalized geology and site locations for samples collected in the Nabesna mine area, Alaska. Geology
generalized from Richter (1971) and Lowe and others (1982). B, Detailed site locations for samples collected at the Nabesna
mill, Alaska.
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remains below caved adits high above the mill on Bonanza
Ridge.

FIELD AND LABORATORY METHODS

Geochemical samples collected include water, stream-
sediment, heavy-mineral-concentrate, rock, mine waste, and
mill tailings. A brief description of sample collection, prepa-
ration, and analysis is provided here. A more detailed dis-
cussion, tables showing element determination limits for

23

the various analytical methods, and a listing of analytical
data are provided in Eppinger and others (1995).

SAMPLE COLLECTION AND PREPARATION

All samples were collected during a 9-day period in
early August 1994, The principal sample medium was sur- -
face water, although water was scarce at many sites. The
lack of surface waters in the region likely is due to three
factors: (1) Near mineralization, carbonate rocks are preva-
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EXPLANATION

Qu Surficial deposits (Quaternary)--undivided alluvial, colluvial, and glacial deposits
QTw Wrangell Lava (Pleistocene, Pliocene, Miocene)--chiefly andesitic to basaltic flows and associated volcanic rocks
TKd Diorite (Tertiary to Cretaceous)--small diorite bodies
Kg Granodiorite to quartz diorite {Cretaceous)--stocks and dikes
Ke Chisana Formation (Cretaceous)--basaltic to andesitic flows, breccias, and interbedded volcaniclastic rocks
Ks Continental sedimentary rocks (Cretaceous)--arkosic sandstone, siltstone, and shale
KJs Nutzotin Mountain Sequence (Early Cretaceous and Late Jurassic)--calcareous argillite, siltstone, and graywacke
T Limestone (Late Triassic)--includes thin-bedded (Ftl ) and massive (kRml) limestone units of Lowe and others (1982)
®’n Nikolai Greenstone (Middle to Late Triassic)--subaerial amygdaloidal basalt flows. Includes units kn of Lowe and others
(1982) and RPb of Richter {1971}
Pm Mankomen Group (Early Permian)--argillite and subordinate interbedded calcareous siltstone and grit
PRt Tetelna Volcanics (Permian and Pennsylvanian)--interbedded andesitic flows, lahars, tuffs, and volcaniclastic rocks
A Contact, approximately located
N\ Fault contact, approximatedly located, dotted where concealed
'X‘ Mine

Figure 2. Continued.
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Figure 3. Generalized geology and site locations for samples collected in the Kennecott mine area, Alaska. Geology generalized
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lent in outcrop, alluvium, and colluvium. In such areas of
carbonate terrane, surface waters tend to disappear under-
ground over relatively short distances. This feature, par-
ticularly common at Nabesna, was less significant at
Kennecott. (2) Samples were collected in late summer, well
after ice breakup, spring runoff, and early summer precipi-
tation. (3) There were unusually dry conditions throughout
the region in the latter half of the summer of 1994. No
precipitation occurred during the 9-day collection period.
Sample sites are shown in figures 2A and 2B for the Nabesna
area and in figure 3 for the Kennecott area.

Water samples were collected at 22 sites, 11 each from
the Nabesna and Kennecott areas. Surface-water sources
included flowing streams, springs, seeps, and, at Kennecott,
ponded rainwater. Site duplicates were collected from two
sites each at Nabesna and Kennecott. Water samples col-
lected at each sample site include (1) a 125 mL, unacidi-
fied, unfiltered water sample, collected for anion analysis;
and (2) a 60 mL sample, filtered to 0.45 um and acidified
to less than pH 2.0 with ultrapure, concentrated nitric acid,
collected for trace and major cation analysis. The unacidi-
fied water samples were kept cool until they were ana-
lyzed. Other water data collected and recorded on-site
include temperature, pH, conductivity, dissolved-oxygen
content, alkalinity, and a visual estimate of the water flow
rate (table 1).

Stream-sediment samples were collected at 21 sites,
from below mines and mills and from nearby unmined ar-

eas. Sediment samples were collected at water-sample sites
whenever possible; sediment site duplicates were collected
at the same four sites that water site duplicates were col-
lected. Stream-sediment samples consisted of composited
1-kg samples of active alluvium. In the laboratory, sedi-
ment samples were air dried, sieved to minus-200 mesh
(0.074 mm), and pulverized for chemical analysis.

Since elements related to mineral deposits are com-
monly found in heavy minerals, pan concentrates were col-
lected at 10 of the stream-sediment sample sites, as well as
at 3 sites within mill tailings at the Nabesna mine. Samples
weighing about 7 kg were collected from around boulders
and in coarse-grained gravels where heavy minerals tend to
accumulate, and these samples were panned at the site until
1 to 3 percent of the original sample remained. In the labo-
ratory, panned concentrate samples were sieved to minus-
20 mesh (0.84 mm), gravity separated using bromoform
(specific gravity 2.89), and then separated with an electro-
magnet into magnetic, weakly magnetic, and nonmagnetic
fractions. The nonmagnetic heavy-mineral fraction, which
commonly contains ore-related minerals such as sulfide min-
erals, gold, and other native metals, was pulverized for
chemical analysis.

Twenty-nine rock samples were collected in mined and
unmined areas, generally as composite chip samples from
outcrop, alluvium, mine-waste piles, and mill tailings. In
the laboratory, rock samples were coarsely crushed to pea-
sized pieces, split, and then pulverized for chemical analysis.

EXPLANATION
Qu Surficial deposits (Quaternary)--undivided alluvial, colluvial, and glacial deposits
Tif Dacite and dacite porphyry (Tertiary)--dikes and sills
Ks Schulze Formation (Late Cretaceous)--siliceous shale with uncommon sandstone and siltstone
Kc Chititu Formation (Cretaceous)--dominantly mudstone and shale with lesser siltstone and limestone. Includes

metamorphosed Chititu Formation {Kch) of MacKevett {1974} and MacKevett and Smith (1972)

JRmM McCarthy Formation (Late Triassic and Early Jurassic?)--impure limestone, chert, shale, and minor siltstone. Includes
both upper member {4 RMU) and lower member {JRMI) of MacKevett (1970, 1972, 1974) and MacKevett and Smith
(1972) :

Rnz Nizina Limestone (Late Triassic)--limestone with layered and nodular chert
ke Chitistone Limestone (Late Triassic)--limestone, dolomite, and minor nodular chert. Local solution pits and caverns
ko . Nikolai Greenstone (Middle to Late Triassic)--subaerial amygdaloidal basalt flows

AN Contact, approximately located

.. Fault contact, approximatedly located

v Adit

X Mine

Figure 3. Continued.
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Table 1. On-site data and sample descriptions for water samples collected in the Nabesna and Kennecott areas, Alaska

[Shaded areas indicate samples collected from areas of historic mining or milling activities; unshaded areas indicate samples from unmined areas;
“D” in field number suffix indicates sample site duplicates; ppm, parts per million; cfs, cubic feet per second]

Sample Site description

site no.

Estimated
flow rate

Temp. pH  Conductivity Dissolved O, Alkalinity
°C __uS/em ppm ppm

4 NA009 Main stream south of Nabesna mine and mill site

5 NAO12 Spring in muskeg

6 NA013 Stream at base of limestone cliff; iron-oxide-rich sediments
7 NAO14 Spring in muskeg

8 NAO15 Spring in muskeg

9 NAO19 Spring along road heading to Rambler mine

10 NA020 Spring in muskeg .

11 NAO021 Stream; Skookum Creek, upstream from the Nabesna road
12 NAO013D  Site duplicate of NAGI3W1

13 NAO021D  Site duplicate of NA021W1

Stream; Amazon Creek about 15 m above Root Glacier trail

7
8 Stream; Jumbo Creek about 15 m above Root Glacier trail
9 Stream; Bonanza Creek about 7 m above Root Glacier trail
10

Stream; National Creek above Kennecott mill; slight light-colored

orange-yellow staining on alluvium

VAQ01W1 Blank sample, distilled water, unfiltered, unacidified

Spring in slightly brown-stained, amygdaloidal Nikolai Basalt

24 8.0 144 8 60 <0.1 gal/min
2 7.5 394 11 160 stagnant
17 79 740 9 80 5 gal/min
3 75 780 7 350 2 gal/min
8 715 870 7 200 0.5 gal/min
4 75 770 7 260 0.5 gal/min
8 74 535 7 260 < 0.1 gal/min
14 8.0 132 8 55 10 cfs

17 7.9 740 9 75 5 gal/min
14 8.0 131 8 55 10 cfs

&
70 50 gal/min
70 20 cfs
80 8 cfs
60 15 cfs

3 gal/min

25 5.5 0.4 10

<10 -

Six tailings samples from the Nabesna mill, a mine-
waste sample from the Rambler mine, and a mineralized
bedrock sample from the Rambler mine were collected for
a water-leach test. About 10 kg of material were collected
for each sample from the upper 2 cm of the surface layer.
Laboratory preparation for the samples followed a modifi-
cation of the EPA Synthetic Precipitation Leaching Proce-
dure 1312 (Environmental Protection Agency, 1994), a
method designed to determine mobility of inorganic analytes
in solid wastes. The sample was passed through a 3/8-in.
(9.5-mm) sieve. Deionized water, acidified to pH 5.0, was
used for the leaching procedure, mixed in a ratio of 20:1
water to sample. Following mixing, measurements for pH,
conductivity, temperature, oxygen content, and alkalinity
were collected. Resultant leach-water aliquots for geochemi-
- cal analysis were collected by filtering and acidifying as
described above.

ANALYTICAL TECHNIQUES

All acidified water samples were analyzed by induc-
tively coupled plasma-mass spectrometry, following the
semiquantitative method of Meier and others (1994), in
which more than 60 cations are determined directly in the
water sample without the need for preconcentration or di-
lution (table 2). Major element and selected trace element
cations in waters were analyzed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES), follow-
ing the procedure of Briggs and Fey (1996). Anions in
waters were analyzed by ion chromatography (d’Angelo
and Ficklin, 1996). Stream sediments and rocks were ana-
lyzed by a 40-element, total digestion, ICP-AES method
(Briggs, 1990); and by a 10-element, partial extraction, ICP-
AES method (Motooka, 1996). Several specific elements
were determined using a variety of atomic absorption and
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Table 2. Elements determined and analytical methods used for all sample media collected in the Nabesna and Kennecott areas,

Alaska

[AA, atomic absorption spectrophotometry; AE, inductively coupled plasma-atomic emission spectrometry (total digestion); CV, cold-vapor
atomic absorption spectrophotometry; ES, semiquantitative emission spectrography; GF, graphite-furnace atomic absorption spectrophotometry;
HY, hydride generation atomic absorption spectrophotometry; IC, ion chromatography; IE, ion exchange inductively coupled plasma-atomic
emission spectrometry; MS semiquantitative inductively coupled plasma-mass spectrometry; PA, inductively coupled plasma-atomic emission

spectrometry (partial extraction)]

Sample media

Method: elements determined

Water, acidified/filtered MS:

Ag, Al As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe,

Ga, Gd, Ge, Hf, Ho, Ir, K, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, Pb,
Pd, Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl,
Tm, U, V, W, Y, Yb, Zn, Zr

AE: Al, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb,
Si, Sr, Ti, V, Zn

Water, raw IC:

Mill tailings leachates, acidified/filtered MS:

CI, F, NO;, SO

Ag, Al, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe,

Ga, Gd, Ge, Hf, Ho, K, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb,
Re, Sb, Sc, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn,

Zr

AE: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo,
Na, Ni, P, Pb, Sb, Si, Sn, Sr, Ti, V, Zn

Stream sediments and rocks AE:

Ag, Al, As, Ay, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Eu, Fe, Ga, Ho, K

La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Sc, Sn, Sr, Ta, Th, Ti, U, V,

Y, Yb, Zn

PA: Ag, As, Au, Bi, Cd, Cu, Mo, Pb, Sb, Zn
HY: As, Sb, Se

GF: Au
CVv: Hg
AA: Tl
IE: w
Heavy-mineral concentrates ES:

Ag, As, Au, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, La, Mg, Mn,

Mo, Na, Nb, Nj, P, Pb, Pd, Pt, Sb, S¢, Sn, Sr, Th, Ti, V, W, Y, Zn, Zr

ICP-AES methods (O’Leary and Meier, 1990; O’Leary and
others, 1990; Welsch and others, 1990; O’Leary, 1996;
Doughten and Aruscavage, 1996). Nonmagnetic heavy-min-
eral-concentrate samples were analyzed by semiquantitative
emission spectrography for 37 elements (Adrian and oth-
ers, 1990).

RESULTS

NABESNA

WATER SAMPLES

Water close to the mines and mill was found at 3 of
the 11 water-sample sites in the Nabesna area: a flowing
spring at the base of the Nabesna mill tailings (site NAO11,
fig. 2B), a flowing spring below the Rambler mine-waste
pile (NAO16, fig. 2A), and a low-flowing spring in miner-
alized bedrock along the drill road above the Nabesna mill
area (NAQOS, fig. 24). Near-neutral pH values (7.1 to 8.0)

were found at all eleven surface-water sample sites in the
Nabesna area (table 1); the lowest pH value was from the
spring at the base of the Nabesna mill tailings (site NAO11).
Conductivities in water from the eleven sites ranged from
131 pS/cm to 1,310 puS/cm (table 1), with the highest con-
ductivities from two sites near the mines and mill: site
NAO0O8 (1,310 puS/cm) and site NA016 (1,160 uS/cm). The
spring at the base of the Nabesna mill tailings (site NAO11)
had a conductivity of 582 pS/cm. Conductivities from the
eight sites distal to the mines and mill ranged from 131 uS/
cm to 870 uS/cm, with five of the sites having conductivi-
ties of 535 uS/cm or greater.

None of the water samples collected from the Nabesna
area contained extremely high anion or cation content when
compared with worldwide surface-water and river-water
averages (tables 3, 4). For anions, only sulfate was found
in relatively high concentrations; many of the sulfate con-
centrations determined are an order of magnitude greater
than worldwide averages for rivers (table 3). Two of the
three samples collected proximal to mineralized rocks or
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‘ Table 3. Concentrations of dissolved anions determined on unacidified,
unfiltered water samples collected in the Nabesna and Kennecott areas, Alaska

[Shaded areas indicate samples collected from areas of historic mining or milling
activities; unshaded areas indicate samples from unmined areas; “D” in field number
suffix indicates sample site duplicates; ppm, parts per million; IC, ion chromatography;
average values are world averages for rivers from Livingstone (1963)]

cr F NOy so>
Index Field no. ppm-IC ppm-IC ppm-IC ppm-IC
Average  Value: 7.8 -- 1 11

NAOOSW1 42
NAOI2W1 34
NAO13W1 1.3

NA014W1 .86
NAOISW1 .99
NAOI9W1 .67
NAO20W1 .85
NAO21W1 21
NAO13WI1D 1.3

NAO21WID .20

.07 <5 24
.08 .56 36
a1 <.5 331
21 <.5 110
12 <.5 268
.28 3.1 110
12 <.5 21
.07 <.5 16
12 <.5 348
.07 <.5 16

VAO001W1

<.l

<.05 <.5 <.5

tailings contained the highest sulfate content (NAOOSW1,
615 ppm SO2"; NA016W1, 412 ppm SO‘%'). However, sev-
eral samples collected distal to mining areas also had high
sulfate contents ranging from 110 to 348 ppm. Compared
with the eight acidified, filtered water samples collected
distal to the mines and mill, one or more of the three samples
collected near the mines and mill contained elevated con-
centrations for the following cations: B (190 and 73 ppb),
Mn (140 ppb), and Zn (360 ppb) (table 4). Elevated U
concentrations (at or above 1 ppb U) were found in most
water samples from the Nabesna area, with the highest

concentrations from sites near the mines and mill (U, 22
and 29 ppb). Similarly, anomalous Mo concentrations were
found in several water samples (1.4 and 21 ppb near the
mines and mill; 2.0 to 9.1 ppb in six samples distal to the
mines and mill). All 11 water samples from the Nabesna
area contained relatively high concentrations of Ca (mean,
111 ppm), Sr (mean, 220 ppb), and to a lesser degree, Mg
(mean, 17 ppm).

For the cations and anions determined in this study,
none of the surface-water samples analyzed from the
Nabesna area had concentrations that exceed the State of
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Table 4. Concentrations of selected dissolved cations determined on acidified, filtered water samples collected in the Nabesna and
Kennecott areas, Alaska

[Shaded areas indicate samples collected from areas of historic mining or milling activities; unshaded areas indicate samples from unmined areas; “D” in
field number suffix indicates sample site duplicates; ppm, parts per million; ppb, parts per billion; average values: a, worldwide values for surface
waters from Hem (1985); b, values for rivers from Martin and Whitfield (1983); see table 2 for explanation of analytical methods codes AE and MS]

Al Ca Fe K Mg Na Si As B Cd Co
Index Field no. ppm-AE  ppm-AE  ppm-AE  ppm-AE  ppm-AE  ppm-AE  ppm-AE  ppb-MS  ppb-AE _ ppb-MS  ppb-MS
Average Value: 0.01-0.1'sa 133D 0.04b 15b 3.1b 53b 5b 0.1-1'sa 18b 1'sa O.lsa

4 NAOO9W3 <.02 19 <.02 12 29 32 10 <8 <50 <2 1
S NAO12W3 03 n .03 1.7 4.1 1.0 10 <8 <50 <2 2
6 NAOI3W3 04 140 .03 1.9 10 5.5 14 1 <50 <2 1.4
7 NA014W3 07 140 .03 22 17 2.1 15 <8 <50 <2 2
8 NAOI5SW3 06 150 <.02 3.0 16 6.1 15 <.8 <50 <2 2
9 NAO19W3 07 110 .02 1.8 20 1.6 14 <.8 <50 <2 1
10 NA020W3 1 71 .1 ) 23 3.0 84 <38 <50 <2 2
11 NA021W3 .03 13 03 1.0 5.1 47 9.3 <8 <50 <2 <.l
12 NAO13W3D .04 140 .03 20 10 5.7 14 <8 <50 <2 1.6
13 NA021W3D .02 13 <.02 1.0 5.1 4.7 94 9 <50 <2 <.1

Kennecott

Blank VA001W3 <.02 .05 <.02 <.05 < .05 <.05 <1 <.8 <50 <2 <.1
Cu Mn Mo Ni Pb Sb Sr U \Y Zn

Index Field no. ppb-MS  ppb-MS  ppb-MS  ppb-MS _ ppb-MS  ppb-MS  ppb-MS  ppb-MS  ppb-MS _ ppb-MS

Average Value: 1-10's a 82b 0.I'sa 0.1-1'sa 0.1-1'sa 0.1-1sa 60b 0.1-1'sa I'sa 1-10's a

4 NAOOSW3 1 4 .55 4 2 <.2 60 2 22 <2
5 NA012W3 6.2 .50 29 27 <.1 2 96 7 4 <2
6 NAO013W3 6.4 1.0 9.1 25 <.1 .3 250 32 <.4 <2
7 NA014W3 33 217 29 2.7 1 <.2 150 59 <.4 <2
8 NAO15W3 2 13 2.0 29 <.1 <.2 210 23 <.4 <2
9 NAO19W3 2.9 3 6.3 25 <.1 69 . 110 8.9 <.4 4
10 NAQ20W3 1 18 3 2.8 <.1 <.2 100 1 <4 <2
11 NA021W3 1 <.2 .61 3 <.1 <.2 49 14 2.5 <2
12 NAO013W3D 6.7 .99 8.6 29 <.1 3 240 29 <.4 <2
13 NA021W3D .6 <.2 .90 <.2 <.1 <2 48 1.5 2.5 <2
Kennecott

Blank VAQQ1W3 <.6 <.2 <.l <.2 <.l <.2 <.1 <.l <.4 <2
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Alaska's enforceable primary maximum contaminant levels
(MCL) for public drinking water (Alaska Department of
Environmental Conservation, 1994). However, secondary
MCLs, which are merely goals for water quality set forth
by the State of Alaska, were exceeded at Nabesna for Mn
(secondary MCL, 50 ppb) and sulfate (secondary MCL,
250 ppm). The Mn secondary' MCL was exceeded only at
the spring at the base of the mill tailings (NAO11W3, 140
ppb Mn, table 4). The sulfate secondary MCL was ex-
ceeded at two springs near the Nabesna and Rambler mines
(NAOO8W1, 615 ppm SOZ; NAO16W1, 412 ppm SO3)
and at two sites distal to the mines and mill: a stream
containing iron oxide and pyrite in sediment (NAOI13W1,
331 ppm SO‘%‘) and a spring in muskeg (NAO15W1, 268
ppm SO, table 3).

SOLID SAMPLES

Anomalous element concentrations found in minus-200
mesh stream-sediment samples collected from the Nabesna
area include those of As, Au, Cu, Pb, and Zn and to a
lesser degree Bi, Cd, Co, Hg, Mo, Sb, and Se (table 5). The
sample collected below the Nabesna mill tailings (site
NAO11) contained anomalous concentrations of Ag, As,
Au, Bi, Cu, Fe, Pb, and Zn, and weakly anomalous concen-
trations of Cd, Hg, Mo, and Sb. In contrast, the sample
collected below the Rambler mine-waste pile (site NA016)
contained anomalous concentrations of only Au and per-
haps Sb. Sediments were also collected at eight sites from
unmined areas. In these samples, Au was the most wide-
spread anomalous element, found at five of the eight sites.
Sediment sample NAO13S1, collected from the unmined
area mentioned previously with iron oxide and pyrite in the
sediment, contained anomalous concentrations of As, Au,
Co, Cu, Fe, and Zn, and weakly anomalous concentrations
of Ag, Bi, Cd, Mo, Pb, and Sb. Other sediment samples
collected from unmined areas contained sporadic, weakly
anomalous concentrations of As, Bi, Cu, Pb, Sb, Se, and
Zn. Weakly anomalous Hg in sediment was found only at
one site, below the Nabesna mill (NA011S1; Hg, 0.43 ppm).

Twenty-one rock samples collected in the Nabesna area
include mill tailings, stockpiled ore, mine waste, mineral-
ized outcrop, and mineralized alluvial cobbles (table 6).
Mill-tailings samples (sites NAOO1 through NA0OO6) gener-
ally had highly anomalous concentrations of Ag, As, Au,
Bi, Cd, Cu, Fe, Hg, Mo, Pb, and Zn and anomalous con-
centrations of Co, Sb, Se, and W (table 6). Mineralized
outcrop, stockpiled ore, mine waste, and alluvial cobbles
(sites NA0O7, NAOO8, NAO010, and NAO17) contained
anomalous concentrations of essentially the same metal
suite, except for a lack of anomalous Hg. Less consistent
anomalies were found for Mn in several rock samples. -

Nonmagnetic, heavy-mineral concentrates were col-
lected from three sites within the Nabesna mill tailings
(sites NAOO3, NAOOS, and NAQO6, fig. 2B) and from three

sites distal from the mines and mill (sites NA009, NAO13,
and NAOQ21, fig. 24). In mill tailings, highly anomalous
metal concentrations were found for Ag (100 to 1,000 ppm),
As (500 to 1,500 ppm), Au (100 to >1,000 ppm), Bi (20 to
150 ppm), Cu (5,000 to 15,000 ppm), Fe (7 to 50 percent),
and Pb (500 to 700 ppm). Anomalous metals found in
samples from sites distal to the mines and mill include Ag
(20 ppm), Au (100 ppm), Cd (50 ppm), Cu (1,500 ppm),
Pb (500 ppm) and Zn (1,500 ppm) at site NAQ09; Co (1,000
ppm), Cu (5,000 ppm), and Fe (15 percent) at site NAO13;
and As (1,000 ppm), Fe (10 percent), and Pb (300 ppm) at
site NAO21 (Eppinger and others, 1995).

LEACH SAMPLES

Leach waters derived from the Nabesna mill tailings,
Rambler mine waste, and a mineralized outcrop sample
above the Rambler mine had acidic pH values, high con-
ductivities, and high concentrations of several cations (table
7). Six of the eight leach samples had pH values below pH
3. Particularly high cation concentrations were found for
Fe (mean concentration, 1,100 ppm), As (mean, 430 ppb),
Co (mean, 260 ppb), Cu (mean, 7,100 ppb), Pb (mean,
1,200 ppb), and Zn (mean, 1,300 ppb). Other cations found
in anomalous concentrations include Ag, Al, B, Bi, Ca, Cd,
Ce, Cr, Mg, Mn, Mo, Ni, Sb, Sr, Te, Th, Ti, Tl, U, and V.

Prior to leaching, splits of all the samples were ana-
lyzed for mineralogical content using X-ray diffractometry.
A variety of minerals, particularly sulfate minerals, were
found (table 8). Many of the sulfate minerals are highly
soluble in water.

KENNECOTT

WATER SAMPLES

Water near the mines and mill was collected from 5 of
the 11 water-sample sites in the Kennecott area: a flowing
stream below the Bonanza mine (site KEQO8), a small rain-
water pool below the Kennecott mill (KE0Q09), a small spring
flowing from Kennecott mill tailings (KE010), National
Creek flowing through the Kennecott mill-tailings area
(KEO011), and National Creek just above its junction with
Kennicott Glacier (KE012; fig. 3). Near-neutral pH values
(7.7 to 8.2) were found at all water-sample sites in the
Kennecott area. Compared with Nabesna area waters, con-
ductivities for all Kennecott water samples were relatively
low, ranging from 105 puS/cm to 188 uS/cm, except at the
mill-tailings spring sample site KEO10 (conductivity, 436
uS/cm, table 1).

Anion and cation concentrations were all relatively low
for water samples collected from the Kennecott area (tables
3, 4). The spring sample in mill tailings at site KEQ10 had
the highest Cu content, a surprisingly low value of 67 ppb
(table 4). The sample at site KE012, about 0.8 km down-
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Table 7. Concentrations of dissolved anions determined on water-leach samples from mill tailings, mine waste, and mineralized

outcrop at the Nabesna and Rambler mines, Alaska

[“D” in field number suffix indicates sample site duplicates; ppm, parts per million; ppb, parts per billion; see table 2 for explanation of analytical
methods codes AE and MS; na, sample not analyzed for this element; samples NAOOIL3 through NAOO6L3 are from the Nabesna mill tailings;
sample NAO17L3 is from the Rambler mine-waste pile; sample NAO17LS is from mineralized outcrop above the Rambler mine; sample NAOOIL3D
is an analytical duplicate of NAQO1L3; sample VAOO2W3 is a blank sample]

pH Conductivity O,  Alkalinity Al Ca Fe K Mg Na Si Ag
Index Field no. uS/cm ppm ppm  ppm-AE ppm-AE  ppm-AE ppm-AE ppm-AE ppm-AE ppm-AE ppb-MS
1 NAOOIL3 2.5 5,240 12 <1 16 570 1,500 1 10 1 <1 16
2 NAO002L3 22 5,450 12 <1 23 630 580 1 19 <1 1 1
3 NAOO03L3 24 5,120 12 <1 130 590 1,300 1 31 5 <1 2
4 NAQ004L3 2.6 3,440 12 <1 5 670 170 1 3 <1 <1 13
5 NAOQOOSL3 6.4 2,410 6 220 <1 760 1 1 23 <1 6 <.1
6 NAOO6L3 34 2,600 5 <1 9 660 <1 2 66 5 <1 <.l
7 NAO17L3 23 6,600 12 <1 4 540 2,800 1 51 <1 <1 2.8
8 NAO17LS 22 5,570 12 <1 8 430 1,300 1 33 <1 <1 27
9 NAOOIL3D 2.5 5,240 12 <1 na na na na na na na 16
10 VA0OO2W3 5.0 32 6 <1 <1 <1 1 1 <1 <1 <1 <.1
As Au B Bi Cd Ce Co Cr Cu Mn Mo Ni
Index Field No. ppb-MS _ ppb-MS ppb-AE _ ppb-MS ppb-MS _ ppb-MS ppb-MS ppb-MS ppb-MS ppb-MS ppb-MS ppb-MS
1 NAOOIL3 1,100 <.1 200 27 24 11 300 11 4,900 980 28 36
2 NAQ0O02L3 29 1 <100 1.0 78 15 320 23 11,000 >4,000 <.2 55
3 NAOO3L3 2,200 <.1 200 22 16 29 440 28 12,000 1,200 35 56
4 NAO004L3 38 <.l <100 8 11 85 36 4.1 1,400 450 2.8 15
5 NAOQOSL3 2 7 <100 <.6 6 <.l 12 <.8 18 1,800 <.2 13
6 NAOO6L3 26 <.l <100 <6 130 31 57 <.8 770 980 <2 29
7 NAO17L3 2 <.1 400 15 17 44 410 <.8 >20,000 830 <.2 12
8 NAOI7LS 20 <.1 200 21 7 22 470 44 17,800 560 <.2 12
9 NAOOIL3D 1,200 <.1 na 29 23 11 330 14 5,800 1,100 34 41
0 VA002W3 <1 <.l <100 <6 <3 <.1 <2 <8 8 <4 <.2 <.6
Pb Sb Sr Te Th Ti Tl 8] \Y% Zn
Index Field No. ppb-MS  ppb-MS ppb-MS ppb-MS ppb-MS ppb-MS  ppb-MS ppb-MS ppb-MS ppb-MS
1 NAOOIL3 2,700 1 310 9.4 1.0 75 4.0 2.6 10 1,800
2 NAOO2L3 7.6 <4 230 <8 22 20 <.5 10 <.4 3,400
3 NAQO3L3 1.1 2.1 420 10 50 550 <.5 8.2 11 940
4 NAOO4L3 2,500 6 280 9 4 30 1 14 12 410
5 NAOQOSL3 .85 <4 200 <.8 <4 9 <.5 .6 <4 33
6 NAOOGL3 54 <4 680 <.8 <.4 20 8 3.6 <.4 3,000
7 NAOI17L3 840 <4 220 <.8 <4 20 <.5 120 4 340
8 NAOI7LS 3,500 4 88 <.8 <4 20 1 25 29 170
9 NAOOIL3D 2,700 .8 330 7.6 9 85 44 3.6 12 2,000
0 VA002W3 <.2 <4 <.1 <.8 <4 <9 <.5 <.1 <4 7.1

stream of site KEO10, had a Cu concentration of 6.7 ppb.
Other samples from sites near the mines and mill had Cu
values ranging from 2 ppb to 9.5 ppb, while samples from
sites distal to the mines and mill had Cu values from <0.6
ppb to 2 ppb. Other cations slightly enriched in waters
collected from sites near the mines and mill include As
(site KEO10, 7.4 ppb), Mo (KEQ09, 1.2 ppb; KEO010, 1.4
ppb), and Sr (KEO10, 270 ppb). In water samples distal
from the mines and mill, only two cations with weakly
anomalous concentrations were found: As (three samples,
2.2t0 3.2 ppb) and B (three samples, 54 to 78 ppb). For the
cations and anions determined in this study, none of the
surface-water samples analyzed from the Kennecott area

had concentrations that exceed the State of Alaska's pri-
mary or secondary MCLs for public drinking water (Alaska
Department of Environmental Conservation, 1994).

SOLID SAMPLES

Minus-200 mesh stream-sediment samples were col-
lected from five sites below and proximal to the mines and
mill and from six distal sites (table 5). Sediments near the
mines and mill contained anomalous concentrations of As
(63 to 170 ppm), Cu (160 to 6,100 ppm), and Hg (0.7 to
3.3 ppm), and weakly anomalous concentrations of Ag,
Au, Cd, Pb, Sb, and Zn. Several sediment samples col-
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Table 8. Minerals identified in mill tailings, mine-waste, and outcrop samples prior to water-leach test, Nabesna mill and Rambler

mine, Alaska

[Minerals identified by X-ray diffraction; coding for likelihood: 1, definitely present; 2, probably present; 3, possibly present}

Sample site Mineral Chemical formula Likelihood | Sample site Mineral Chemical formula Likelihood
NA001 Pyrite FeS, 1 NAO005 Gypsum CaSO,2H,0 1
Gypsum CaSO,2H,0 1 Calcite CaCO, 1
Rozenite FeSO,4H,0 1 .
Natrojarosite NaFe,(SO,),(OH), 1 NAO006 Gypsum CaSO,2H,0 1
Kalinite KAI(SO,),11H,0 1 Natrojarosite NaFe,(SO,),(OH), 1
Copiapite Fe,04(50,),63H,0 1 Jarosite, hydronian  (K,H;0)Fe,(SO,),(OH), 3
Magnesiocopiapite MgFe,(SO,),(OH),20H,0 1
Butlerite Fe(OH)SO,2H,0 1 NAOQ17 Sulfur S 1
Rostite Al(SO,)Y(OH)5H,0 1 (waste dump)  Fibroferrite Fe(OH)SO,5H,0 1
Cerussite PbCO, 1 Goethite FeO(OH) 1
Magnetite Fe,O, 1 Sepiolite, ferrian (Mg,Fe),Sis0,s(OH),6H,0 1
Starkeyite MgSO,4H,0 2 Copiapite Fe,,05(80,),;63H,0 1
Aplowite CoS0,4H,0 2 Talc Mg;,Si,0,,(OH), 1
Jarosite, hydronian (K,H;O)Fe;(SO,),(OH), 3 Pyrite FeS, 1
Aluminocopiapite  (Mg,Al)(Fe,Al),(SO,)(OH),20H, 2 Chalcopyrite CuFeS, 1
(o}
Pyrrhotite Fe,,.S 1
NAOD2  Gypsum CaSO,2H,0 1
NAO17 Rozenite FeSO,4H,0 1
NAO003 Natrojarosite NaFe,(SO,),(OH), 1 (outcrop) Fibroferrite Fe(OH)SO,5H,0 1
Gypsum CaSO,2H,0 1 Starkeyite MgSO,4H,0 2
Copiapite Fe,,0,(50,),63H,0 1 Aplowite CoSO,4H,0 2
Jarosite, hydronian (K,H,0)Fey(SO,),(OH), 3 Sepiolite, ferrian (Mg Fe),Si;0,5(OH),6H,0 2
Jarosite KFey(SO,),(OH), 3 Cacoxenite Fe,(PO,);,(OH),12H,0 2
Carbonate Ca,4(PO,)sCO,(OH)F 2
hydroxylapatite
NA004 Gypsum CaSO,2H,0 1
Magnetite Fe,O, 1

lected distal to the mines and mill contained anomalous As
(23 to 58 ppm) and Cu (160 to 780 ppm), and weakly
anomalous Ag, Hg, and Sb.

Nonmagnetic, heavy-mineral concentrates were col-
lected from three sites below and close to the mines and
mill (sites KEOO8, KEO10, and KE012) and from four dis-
tal sites (sites KE003, KE004, KEOOS, and KE006). Highly
anomalous metals found in samples from sites near the
mines and mill include Ag (70 to 300 ppm), As (2,000 to
10,000 ppm), Cd (50 to 300 ppm), Cu (all >50,000 ppm),
and Pb (300 to 1,500 ppm), whereas concentrates collected
distal to the mines and mill contained anomalous Ag (70
ppm), As (500 ppm), Bi (70 ppm), Cu (1,500 to 50,000
ppm), Pb (500 to 10,000 ppm), and Sn (150 ppm) (Eppinger
and others, 1995).

Two mineralized rock samples from the Bonanza and
Erie mines contained anomalous concentrations of Ag, As,
Au, Cd, Cu, Hg, and Zn, and weakly anomalous concentra-
tions of Mo and Sb (table 6). Unmineralized rock samples

from six sites in the Kennecott area contained sporadic,
weakly anomalous concentrations of Cu, Sb, and Zn.

INTERPRETATIONS

GENERAL

Overall, measured conductivities at water-sample sites
were higher in the Nabesna area than in the Kennecott area
(table 1). The higher conductivities are probably due to
higher concentrations of dissolved Ca and, to a lesser de-
gree, Sr and Mg. The high concentrations of these elements
are likely derived from carbonate bedrock and alluvium,
common throughout much of the Nabesna area. In contrast,

“water samples in the Kennecott area were collected gener-

ally at sites underlain by Nikolai Greenstone, below the
overlying carbonate section, and consequently have lower
dissolved Ca, Sr, and Mg contents.
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Higher sulfate content in Nabesna waters (mean SO%‘
content, 190 ppm) compared with Kennecott waters (mean
SO‘Z{ content, 8.9 ppm) is probably due to the widespread
presence of pyrite and pyrrhotite and their alteration prod-
ucts in the Nabesna area. Color areal photographs of White
Mountain near Nabesna reveal extensive unvegetated areas
of outcrop stained orange, red, and tan, suggestive of al-
tered iron sulfides beyond the limits of the mined areas.
Wayland (1943) also noted the presence of pyrite, pyrrho-
tite, and magnetite near igneous intrusions in numerous
places on White Mountain. In contrast, iron sulfide miner-
als are rare at Kennecott (MacKevett and others, 1997).
Chalcocite and djurleite, the dominant copper sulfide min-
erals present at Kennecott (MacKevett and others, 1997),
are relatively stable minerals at the deposits, are slower to
oxidize, and subsequently do not generate high sulfate con-
tent in surficial waters.

Molybdenum content in water samples is enriched in
Nabesna area samples (mean Mo content, 4.4 ppb) com-
pared with Kennecott area waters (mean Mo content, 0.53
ppb; table 4). This finding agrees with overall Mo content
in rocks and sediments from the two areas. Most Nabesna
area waters have Mo contents an order of magnitude greater
than worldwide averages for surface waters (table 4).
Anomalous concentrations of Mo in several altered and
mineralized rocks from Nabesna indicates that the Mo is
likely derived from the mineralizing hydrothermal system
rather than from high background Mo content in surround-
ing bedrock. If the Mo in water is similarly derived from
mineralized or altered areas, then the elevated Mo content
in waters distal to the mines and mill suggests that addi-
tional altered and mineralized areas are present. The wide-
spread anomalous Mo content in the various sample media
from the Nabesna area may be a surficial halo reflecting an
underlying deposit similar to the Orange Hill and Bond
porphyry Cu-Mo deposits about 20 km southeast of Nabesna
(Nokleberg and others, 1995).

NABESNA

Iron-bearing sulfides and sulfate salts formed by alter-
ation of iron sulfides are extremely efficient in generating
acid when combined with oxygenated water (Plumlee and
Nash, 1995). The presence of abundant pyrite and pyrrho-
tite, and the diverse soluble sulfate salt assemblage in tail-
ings (table 8) at the Nabesna mill and associated deposits,
suggest high potential for acid generation and subsequent
lowering of pH in waters draining the area. This potential
acid generation is supported by the results of the mill-
tailings and mine-waste water-leach test (discussed below),
where highly acidic pH values were generated. However,
all natural waters sampled in the area, including water col-
lected below mine-waste piles and mill tailings, had near-

neutral pH values. The near-neutral pH values are no doubt
due to the powerful acid-buffering capacity of the natural
waters, a result of their passage through the abundant car-
bonate rocks in the area.

Near-neutral pH values in surface waters dramatically
reduce the metal-carrying capacity of the waters, and as a
result, waters both distal and proximal to the mines and
mill do not contain high metal concentrations. For example,
on a plot of pH versus the sum of Zn+Cu+Cd+Ni+Co+Pb,
Nabesna surface waters collected near the mines and mill
plot in the near-neutral, low-metal field when compared
with waters generated around other mineral deposits (fig.
4). The water sample collected below the Nabesna mill
(site NAO11) plots highest in the field due to elevated con--
centrations of Zn, a metal that remains mobile in near-
neutral pH waters.

Sorption is another important process in controlling
element mobility (Smith and others, 1994). Hydrous iron
oxides, present at several water-sample sites (table 1), were
most abundant at sitt NAO11. Their presence suggests that
sorption is helping to suppress metal concentrations in wa-
ter derived from the mill waste.

The synthetic precipitation leaching procedure used on
samples from the Nabesna area is designed to determine
mobility of organic and inorganic analytes in liquids, soils,
and wastes. The pH of the leach water used is adjusted to
mimic that of rainwater. The leach water pH used in this
study, pH 5.0, is the recommended pH for samples col-
lected west of the Mississippi River (Environmental Pro-
tection Agency, 1994), where acid rain is believed to pose
minimal problems. This pH value is within the limits of
several pH values for snow and rain from the west, which
range from pH 4.9 to 6.4 (Hem, 1985). Data from the wa-
ter-leach test suggest that during spring runoff or summer
storm events, water that has precipitated on the Nabesna
mill-tailings pile could become more acidic and then could
carry more metals in solution. This feature is illustrated
well in the Ficklin plot (fig. 4), where all but one of the
tailings leach samples plot in the high-acid, high-metal and
acid, high-metal fields (the single water-leach sample from
site NAOOS, plotting in the near-neutral, low-metal field
has a higher pH because of the presence of calcite in the
tailings at that site; table 8). Natural mitigation processes
likely would reduce the severity of the runoff or storm
event in the following ways. Most importantly, rapid.down-
stream dilution of the acidic waters by surrounding water
released during the event would occur, a process that would
raise pH and decrease the metal concentrations in the water
through precipitation, sorption, or dilution mechanisms.
Buffering capacity of the surrounding water would be in-
creased as it flowed over and through the extensive carbon-
ate rocks in the area. Finally, and perhaps of lesser
importance, storm events are relatively short lived and do
not provide a long residence time for water-tailings inter-
action.
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Except for Hg, the anomalous metal suite that charac-
terizes Nabesna mill-tailings rock samples, Ag-As-Au-Bi-
Cd-Cu-Fe-Hg-Mo-Pb-Zn-[Co-Sb-Se-W], also characterizes
stockpiled ore, mine waste, mineralized outcrop, and min-
eralized alluvial cobbles. (Braces indicate weakly anoma-
lous constituents.) Although more subdued, this same metal
suite is found in minus-200 mesh stream-sediment samples
from sites draining mined and unmined areas. In addition,
most of these elements are found in anomalous concentra-
tions in heavy-mineral concentrates from mill tailings and
from unmined areas. There are three implications that can
be drawn from these similarities.

First, the fact that anomalous concentrations of these
metals are not confined to the mill and mine areas but are
also found in unmined areas suggests that additional skarn
deposits may exist in the area. As described above, the
high-sulfate and high-Mo contents in waters collected
throughout the area may also indicate additional mineral-
ized areas. Anomalous Au in several sediment samples from
unmined drainages implies that the additional skarn bodies
may be gold bearing. Any additional deposits would prob-
ably be concealed, considering the large amount of pros-
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pecting undertaken during the period of active exploration
and mining in the Nabesna area.

Second, there are naturally occurring high-metal con-
tents in some sediments from sites devoid of historic min-
ing and milling activity. These natural high-metal
concentrations in sediment may be useful in establishing
locally derived, pre-mining background levels for certain
metals. For example, natural sediment from site NAQ13
contains 510 ppm As, 190 ppm Co, 720 ppm Cu, and 380
ppm Zn, indicating that, at least locally, natural As, Co,
Cu, and Zn concentrations in sediment from the area can
exceed average crustal abundance values by one to two
orders of magnitude (table 5). However, other sediment
samples from unmined areas at Nabesna contain much lower
As, Co, Cu, and Zn content, illustrating a large variability
in metal content in the sediments. This large natural vari-
ability needs to be taken into consideration when establish-
ing pre-mining background levels in the area.

Third, the fact that anomalous Hg was found only in
samples of the Nabesna mill tailings and in a single sedi-
ment sample directly below the Nabesna mill tailings, but
not in mine waste, ore rocks, or other sediments, suggests
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that the Hg may have an anthropogenic origin. This con-
clusion is supported by Wayland (1943, p. 193), who men-
tions an unsuccessful attempt in the 1930’s to use mercury
amalgamation to recover gold. The anomalous Hg concen-
trations from mill-tailings samples are not extremely high
(highest value 1.5 ppm Hg). Nevertheless, the fact that Hg
was found at sites throughout the length of the mill-tailings
pile (sites NAOO1 through NAQOOG, fig. 2B and table 6), and
in sediment below the mill tailings (site NAO11) suggests
that Hg is present throughout the pile. The high density of
native mercury and its natural liquid state together imply
that higher Hg concentrations might be encountered at depth
in the thickest parts of mill-tailings piles, a hypothesis that
should be tested prior to disturbing the tailings in any fu-
ture remediation efforts. Since water samples for Hg analy-
sis were not collected in the present study, Hg concentrations
in water below the mill are unknown. However, high-Hg
concentrations in the water at sitt NAO11 would not be
expected because of the high stability of native mercury in
the surficial environment, which minimizes its dissolution
in water (Eisler, 1987) and because of the high volatility of
native mercury, a feature that tends to promote evaporation
of native mercury when exposed to the atmosphere. Waters
at the Nabesna mill should be analyzed for Hg content, and
if present, the Hg species should be determined. Note: Mer-
cury was not detected (Hg <0.10 ppb) in additional water
samples collected in August 1996 at site NAO11 nor at
additional sites downstream of this site (R:G. Eppinger,
unpub. data).

KENNECOTT

Surface-water samples collected in the Kennecott area
have low metal concentrations that are generally compa-
rable to worldwide average surface-water concentrations
(table 4). Even water samples collected near the mines and
mill do not contain high-metal content (fig. 4). This result
is due primarily to two geologic controls: (1) the host car-
bonate rock greatly increases the buffering capacity of sur-
face waters, resulting in near-neutral pH values; and (2)
there is a general lack, in Kennecott-type deposits, of un-
stable sulfide minerals, such as pyrite, that commonly form
acid waters during weathering. Further, minerals contain-
ing elements such as Zn or U, which could be mobilized in
neutral or higher pH waters, are uncommon in Kennecott-
type deposits. Even though rock and sediment data indicate
that high concentrations of potentially toxic elements such
as As, Cd, Cu, Hg, and Zn are found in mill and mine-
waste piles, mobilization of these metals in water is un-
likely because of the lack of acid-generating minerals in
Kennecott-type deposits and the waste piles and mill tail-
ings derived from them. If certain metals were mobilized
from the waste or tailings piles, rapid dilution from adja-

cent streams and from the adjacent Kennicott River would
minimize their downstream effects.

The overall metal suite that characterizes sediment
samples below and close to the Kennecott mines and mill
is As-Cu-Hg-[Ag-Au-Cd-Pb-Sb-Zn]. Corresponding heavy-
mineral concentrates contain highly anomalous concentra-
tions of several of the same metals: Ag-As-Cd-Cu-Pb. The
anomalous metal suite in mineralized rocks from the Bo-
nanza and Erie mine-waste piles is similar to that for the
sediments: Ag-As-Cu-Hg-[Au-Cd-Mo-Sb-Zn]. Finally,
MacKevett and others (1997) state that ore from the
Kennecott deposits has anomalous Ag, As, and Cu, and
sporadically anomalous Pb, Sb, and Zn. All metals found
in anomalous concentrations in sediment and in heavy-
mineral-concentrate samples were also found in mineral-
ized rock samples from this study or are reported in rocks
by MacKevett and others (1997). Thus, unlike the mercury
at the Nabesna mill, none of the metals found in sediment
samples from the Kennecott mines and mill appear to have
an anthropogenic origin. The present high-metal concentra-
tions in sediment from the mining and milling areas prob-
ably are a reflection of both high local background
concentrations and ground disturbances created during the
mining and milling.

In general, for sediments and heavy-mineral concen-
trates collected distal to the mines and mill, the anomalous
metal suites are similar to those in mined areas: distal sedi-
ments, As-Cu-[Ag-Hg-Sb]; distal concentrates, Ag-As-Cu-
Pb-[Bi-Sn]. For the distal sediments and concentrates, the
magnitude of the anomalous metal concentrations is less
and, for sediments, the metal suite is less extensive than for
these same media collected proximal to the mines and mill.
These data reveal that most of the drainage basins on the
west side of Bonanza Peak and Bonanza Ridge (fig. 3)
have metalliferous sediments. However, while naturally oc-
curring high-metal concentrations were probable in many
of these basins prior to mining in the area, one cannot
readily ascribe the present metal concentrations in the sedi-
ments to natural processes alone because mining and pros-
pecting probably has occurred in the upper parts of these
basins as well. Thus, background metal concentrations in
sediments in the Kennecott area probably should not be
established using the present data alone. Samples need to
be collected from similar unmined deposits nearby. Still,
these data are useful in establishing the expected metal
suite in sediments related to Kennecott-type deposits. Sedi-
ments derived from areas containing similar, but unmined,
deposits will probably have elevated concentrations for most
of these same metals.
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Mercury in the Terrestrial Environment, Kuskokwim
Mountains Region, Southwestern Alaska

By Elizabeth A. Bailey and John E. Gray

ABSTRACT

To evaluate environmental hazards of abandoned mer-
cury mines in southwestern Alaska, mercury concentrations
were measured in vegetation, soil, and stream-water samples
collected from sites around the Cinnabar Creek and Red
Devil mines, as well as from regional background sites.
Mercury concentrations in all samples collected near the
mines are elevated over those in background samples. Veg-
etation samples collected from the mines contain as much
as 970 ppb Hg, whereas background vegetation samples
contain no more than 190 ppb Hg. Soil samples collected
from the mines contain as much as 1,500 ppm Hg, but
background soil samples contain no more than 1.2 ppm
Hg. In addition, concentrations of highly toxic methylmer-
cury are low in samples of vegetation (no more than 37
ppb) and soil (no more than 133 ppb). Stream-water samples
collected downstream from the mines contain no more than
0.28 ppb Hg and have nearly neutral pH values that range
from 6.4 to 7.6. All stream-water mercury concentrations
are well below the 2.0 ppb Hg drinking water standard
recommended by the State of Alaska. Mercury concentra-
tions in vegetation, soil, and stream-water samples collected
from the Cinnabar Creek and Red Devil mines in this study
are probably not hazardous to humans and wildlife in the
region.

INTRODUCTION

Mercury mines and deposits are found throughout
southwestern Alaska (fig. 1); they represent significant
sources of mercury that could potentially damage surround-
ing environments and may pose a potential health risk to
residents and wildlife. As part of continuing mineral re-
source investigations in southwestern Alaska, the U.S. Geo-
logical Survey has been involved in assessing environmental
mercury hazards in this region. Previous environmental
studies have evaluated mercury contamination in fish col-
lected downstream from mercury mines in the region to
address effects to the aquatic food chain (Gray and others,

1994, 1996). Because mercury in aquatic systems can origi-
nate from terrestrial sources, such as mercury in mines, it
is important to measure mercury concentrations in soil,
water, and vegetation samples collected near such mines in
order to better understand the behavior of mercury in both
terrestrial and aquatic ecosystems. Certain vegetation spe-
cies are important food sources for residents and wildlife in
the region. Blueberries are consumed by humans and bears,
alder twigs are eaten by ptarmigan, and willow leaves are
an important food for moose. In this study, mercury con-
centrations were evaluated in vegetation, soil, and stream-
water samples collected from the Cinnabar Creek and Red
Devil mines. Variations in Hg concentration in different
tissues of the same plant as well as between vegetation
species were also investigated.

Mercury is a heavy metal with no known biological
function in any organism. It comes in several forms, all of
which are toxic to some degree (Agency for Toxic Sub-
stances and Disease Registry, 1994). When certain forms
of Hg are ingested or inhaled by humans, the mercury ad-
versely affects the central nervous system, the liver, and
the kidneys; it can also cross the placental membrane in
pregnant women, causing damage to the fetus (Clarkson,
1994). Mercury in the environment can be converted form
inorganic forms such as HgS (cinnabar), Hg® (liquid mer-
cury), or Hg?* (mercuric ion) to organic forms such as
methylmercury (meHg) by aerobic and anaerobic bacteria.
Organic mercury compounds, especially methylmercury, are
the most toxic forms of mercury (Eisler, 1987). Methylm-
ercury accumulates to a greater extent in biological tissues
than do inorganic forms of mercury because of its affinity
for the sulfhydrl (—SH) groups of some proteins (Agency
for Toxic Substances and Disease Registry, 1994). Mer-
cury concentrations increase in organisms that are higher
in the food chain, a process called biomagnification. Con-
centrations of the organic forms of mercury in the terres-
trial environment are generally at least one order of -
magnitude less than concentrations of inorganic forms of
mercury, but in biological tissues methylmercury can con-
stitute 70-100 percent of the total mercury concentration
(Bloom, 1989; Baeyens, 1992; Gray and others, 1994).

41
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GEOLOGY

The Cinnabar Creek mine is located about 100 km
southeast of Aniak in the southern Kuskokwim Mountains
(fig. 1). Bedrocks in the area consist of interbedded
graywacke, massive siltstone, volcanic rocks, and minor
chert and limestone of the Triassic and Lower Cretaceous
Gemuk Group (Cady and others, 1955; Sainsbury and
MacKevett, 1965). Rocks of the Gemuk Group are locally
cut by Late Cretaceous and early Tertiary mafic dikes (fig.
2) near the Cinnabar Creek mine.

Cinnabar was first discovered at Cinnabar Creek in
1941, and the mine operated intermittently from then until

160° 158°

1960 (Sainsbury and MacKevett, 1965). Mercury ore con-
sists of massive replacements, disseminations, and vug fill-
ings of cinnabar in quartz-carbonate veins (Sainsbury and
MacKevett, 1965). Ore averaging about 3 to 4 percent mer-
cury was retorted on site, and about 525 flasks (1 flask =
76 1b or 34.5 kg) of mercury were recovered (Nokleberg
and others, 1987). The mine is located near the headwaters
of Cinnabar Creek and consists of a small open-pit about
50 m long, 15 m wide, and 10 m deep. Veins containing
cinnabar and native mercury in the open pit and small ore
piles at the mine site are sources of mercury that have
eroded into Cinnabar Creek. Abundant cinnabar and a few
beads of native mercury have been observed in stream-
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Figure 1. Map of study area, showing locations of the Cinnabar Creek and Red Devil mines and of background
sample sites. Several smaller mercury mines are also shown. Background samples were collected distant or upstream

from known mines.



MERCURY IN THE TERRESTRIAL ENVIRONMENT, KUSKOKWIM MOUNTAINS REGION, ALASKA

43

158°52'00" 158°50'00"
? Tb
60°48'00"
Tailings
l(:OO 2(:00 400:) Feet
[¢3
N2
N, %o‘
\.\.‘;A %’
\‘\. . 6').60
N4
60°47'30" 1~ -
\.\_%‘? /
[
1N
1 Y
60°48'00" 4
LEGEND area of detail

KEkg

L
L 4
L4
Py Tb
P4
[~]
o
ou‘e\P\G‘o
\J’:‘u’

A

R
,

Figure 2. Sample locations and simplified geology, Cinnabar Creek mine. Geology generalized from Cady and others (1955).
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sediment samples collected from Cinnabar Creek (Gray and
others, 1991).

The Red Devil mine is located about 10 km northwest
of the village of Sleetmute along the Kuskokwim River
(fig. 1). Red Devil was Alaska’s largest mercury mine; it
operated intermittently from 1933 to 1971 and produced
about 36,000 flasks of mercury (Miller and others, 1989).
The deposit is found in rocks of the Cretaceous Kuskokwim
Group (Cady and others, 1955), a thick sequence of inter-
bedded graywacke and shale (fig. 3). These sedimentary
rocks are cut locally by Late Cretaceous and early Tertiary
dikes. Ore at Red Devil is in discontinuous open-space
veins, vein breccias, and massive replacements localized
along and near intersections between northeast-trending
altered dikes and northwest-trending bedding plane
faults (MacKevett and Berg, 1963). Principal metallic min-
erals are cinnabar and stibnite, with minor amounts of real-
gar, orpiment, and pyrite. Quartz, carbonate, dickite, and
sericite are common gangue minerals (MacKevett and Berg,
1963).

The Red Devil mineralized zone covered an area about
150 m wide and 270 m long, which extended about 190 m
vertically (MacKevett and Berg, 1963). Mineralized veins
are mostly small, discontinuous, and less than 1 cm wide,
but veins as much as 1 m wide and 10 m long were also
observed (MacKevett and Berg, 1963). High-grade ore con-
tained as much as 30 percent Hg, but most ore averaged
about 2 to 5 percent Hg (Webber and others, 1947;
MacKevett and Berg, 1963). Workings consisted of about
2,900 m of shafts, adits, drifts, crosscuts, and stopes
(MacKevett and Berg, 1963), but the shafts and adits are
presently caved. Numerous sloughed trenches total several
hundred meters in length; most are heavily overgrown with
alder and a few small spruce. Several ore and tailings piles
on the site lie near the small Red Devil Creek that drains
the mine area. The largest tailings pile is adjacent to the
creek and is about 60 m wide and 75 m long. Abundant
placer cinnabar and lesser stibnite are visible in Red Devil
Creek.

METHODS
FIELD METHODS

At the Cinnabar Creek mine, vegetation and soil
samples were collected at 15-m intervals along transects
perpendicular to the mined trench and perpendicular to a
prospect trench that had no recorded ore production (fig.
2). At the Red Devil mine, vegetation and soil samplés
were collected along a transect perpendicular to a large
surface-mined area (fig. 3). Additional vegetation and soil
samples were collected near the retort oven used during
mining operations at Red Devil (fig. 3); no ore was actu-
ally mined from this area. The transects ranged from about
153 to 305 m long. Stream-water samples were also col-

lected from Cinnabar and Red Devil Creeks (figs. 2, 3) to
evaluate mercury contamination in water downstream from
the mines. To determine regional mercury background con-
centrations, vegetation, soil, and stream-water samples were
collected from areas with geology similar to that of the
mineralized areas, but where mercury deposits are not
known (fig. 1).

Several vegetation samples were collected at each site.
Species collected included alder (Alnus crispa), willow
(Salix sp.), white spruce (Picea glauca), cottonwood
(Populus balsamifera), black spruce (Picea mariana), blue-
berry (Vaccinium uliginosum), paper birch (Betula
papyrifera), and dwarf birch (Betula nana). All of these
plants are commonly found in the Kuskokwim Mountains
region (Viereck and Little, 1972), but all species were not
present at each site. A minimum of two plant species were
collected at each site. For each vegetation sample, first-
year growth material was collected—generally, the outer-
most 15 to 20 cm on the larger woody species and 8§ to 10
cm on the shrub species.

Soil samples typically included the upper 15-20 cm of
material just below the surface organic layer. This is the
zone of most active root development and is generally the
primary zone of mercury accumulation in forest soils
(Godbold, 1994). In the study area, soils are usually poorly
developed below about 15 cm. '

At each water-collection site two samples were col-
lected—one for dissolved Hg, and one for total Hg. Samples
for total Hg were collected unfiltered in a glass bottle and
were acidified with nitric acid and potassium dichromate.
Samples for dissolved Hg were obtained by filtering the
stream water through a 0.45-um membrane into a glass
bottle and were then preserved with nitric acid and potas-
sium dichromate. Stream-water pH, conductivity, and tur-
bidity were also measured at each sample site.

ANALYTICAL METHODS

In the laboratory, vegetation samples were washed two
times with distilled deionized water to remove surface con-
tamination. They were then dried at 40°C and separated
into leaves, stems, and flowers or fruit tissues for separate
analyses. Soil samples were dried at 40°C, sieved to mi-
nus-10 mesh, and then pulverized to minus-100 mesh. No
further preparation was required for the stream-water
samples.

All vegetation (tables 1, 2 and 4), soil (tables 3 and 4),
and stream-water samples (table 5) were analyzed for total
mercury concentration by the cold-vapor atomic-absorp-
tion spectrophotometry (CVAAS) method of O’Leary and
others (1990). Stream-water data from Cinnabar Creek and
some of the background sites are from Gray and others
(1996). A subset of the vegetation and soil samples were
analyzed for methylmercury by the cryogenic gas chroma-
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tography cold-vapor atomic-fluorescence spectrometry (GC-  volumes of soil and distilled deionized water to a 100-mL
AFS) method of Bloom (1989) and are reported in tables 1 ~ beaker and mixing to form a slurry. When most of the
through 4. material had settled, the pH of the mixture was measured

Soil pH and total organic carbon (TOC) are reported in  using a digital pH meter. Soil TOC was determined by the
tables 3 and 4. Soil pH was determined by adding equal ~ method of Curry (1990).
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Figure 3. Sample locations and simplified geology, Red Devil mine. Geology generalized from MacKevett and Berg (1963).
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Table 1. Geochemical data for vegetation samples collected at the Cinnabar Creek mine

[Analysis of total Hg by cold-vapor atomic-absorption spectrophotometry (CVAAS), lower limit of determination, 20 ppb; analysis of methylmercury
(meHg) by cryogenic gas chromatography with atomic-fluorescence spectrometry; ppb, parts per billion; —, not determined or sample not collected; <,

less than]
Field 'Al Al A2 A3 Bl Bl B2 B2 B3 Cl C2 El E2 Fl Fl F2 F3 F3 Hl H2 H3 total
no. total meHg total total total meHg total meHg total total total total total total meHg total total meHg total total Hg (ppb)
Hg (ppb) Hg Hg Hg (ppb) Hg (ppb) Hg Hg Hg Hg Hg Hg (ppb) Hg Hg (ppb) Hg Hg
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
Prospect area (unmined)
52 - - - - . - - - - - - - - 90 - 20 - - 20 <20 50
51 - - - - - - - - - - - - 40 - <0 - - 40 <20 70
50 40 - <20 30 50 . 50 - - - - 130 50 20 - <0 - - - - -
49 - - - - - - - - - - - - 60 074 20 60 073 90 30 90
48 130 - <20 <20 40 - 40 - - 20 <20 - - - - - - - - - -
42 250 104 50 140 100 367 150 262 310 - - - - - - - - - - - -
43 100 - <20 20 30 - 30 - - - - - - . - - - - - - -
4 - - - - - - - - - - - - - 30 - 20 - - 30 <20 100
45 - - - - - - - - - - - - - - - - - - 70 <20 40
46 - - - . - - - - - - - - - - - - - - 20 <20 30
47 140 -- 20 150 100 - 80 - 130 - - - - - - - - - - - -
Mined area

53 970 098 200 170 760 1.27 180 - - - -- - -- - - - -~ - -

54 250 -- 30 80 670 -- 50 - 270 -- -- -- -- -- -- - - - -- - -
54D 240 - 40 120 580 -- 50 -- 180 -- - - - -- - -- - - - - --

55 160 -- <20 -- - - -- -- -- -- -- - -- -- - - - - -- - -

56 90 -- <20 - 850 - 40 -- - -- - - -- -- -- - - - -- - -

! Codes for vegetation species and tissue type for tables 1 and 2:

Al: alder (Alnus crispa) leaves
A2: alder (Alnus crispa) stems

A3: alder (Alnus crispa) flowers C3: white spruce(Picea glauca) cones

B1: willow (Salix sp.) leaves D1: cottonwood (Populus balsamifera) leaves
B2: willow (Salix sp.) stems D2: cottonwood (Populus balsamifera) stems
B3: willow (Salix sp.) flowers D3: cottonwood (Populus balsamifera) flowers

Cl:
C2:

white spruce(Picea glauca) needles
white spruce(Picea glauca) stems

RESULTS

BACKGROUNDS

Vegetation, soil, and stream-water samples were col-

lected near the Red Devil and Cinnabar Creek mines to

determine regional background mercury concentrations for
this study (fig. 1). Alder was the only vegetation species
present at both mines and at the background sites studied.
At the background site for the Red Devil mine (fig. 1,
samples 37-40), total-mercury concentrations range from
<20 to 100 ppb in alder leaves, from <20 to 30 ppb in alder
stems, and from <20 to 150 ppb in alder flowers (table 4).
At the background site for the Cinnabar Creek mine (fig. 1,
samples 58-61), total-mercury concentrations range from
40 to 190 ppb in alder leaves, <20 to 20 ppb in alder stems,
and 20 to 110 ppb in alder flowers (table 4). These results
are consistent with earlier studies that found total-Hg con-
centrations of 6 to 100 ppb in vegetation collected from

E1l: black spruce (Picea mariana) needles
E2: black spruce (Picea mariana) stems

E3: black spruce (Picea mariana) cones

F1: blueberry (Vaccinium uliginosum) leaves
F2: blueberry (Vaccinium uliginosum) stems
F3: blueberry (Vaccinium uliginosum) fruits

G1: paper birch (Betula papyrifera) leaves
G2: paper birch (Betula papyrifera) stems
G2: paper birch (Betula papyrifera) flowers
H1: dwarf birch (Betula nana) leaves

H2: dwarf birch (Betula nana) stems

H3: dwarf birch (Betula nana) flowers

areas where there is no mercury contamination (Siegal and
others, 1985, 1987; Kovalevsky, 1987; Rasmussen and oth-
ers, 1991); however, most of the previously published data
are for total-mercury concentrations in whole plants and
not for specific tissues such as leaves, stems, and fruit.
Methylmercury concentrations measured in two alder leaf
samples are 0.49 ppb (Red Devil, sample 39) and 0.45 ppb
(Cinnabar Creek, sample 60).

Total Hg in soils collected from the Red Devil back-
ground sites range from 0.10 to 0.39 ppm (table 4), whereas
soils collected from the Cinnabar Creek background sites
contain 0.16 to 1.2 ppm total Hg (table 4). Methylmercury
concentrations in soil samples collected at two background
sites for Red Devil (sample 39) and Cinnabar Creek (sample
61) were 0.88 and 0.90 ppb, respectively. Soil pH values
for all background samples are slightly acidic and range
from 4.0 to 5.5, similar to values reported by Gough and
others (1988). TOC ranges from 1.1 percent up to 10.7 per-
cent, consistent with values generally found in poorly
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Table 2. Geochemical data for vegetation samples collected at the Red Devil mine

[Analysis of total Hg by cold-vapor atomic-absorption spectrophotometry (CVAAS), lower limit of determination, 20 ppb; analysis of methylmercury
(meHg) by cryogenic gas chromatography with atomic-fluorescence spectrometry; ppb, parts per billion; —, not determined or sample not collected; <,

less than}
Fieldno. 'Al Al A2 A2 A3 A3 Bi Bl B2 B3 Cl c2 c3 DI D2 El E2 E3 Fl Fl F2 F3 F3 Gl G2 G3
total  meHg total meHg ol meHg  total  meHg tolal He total Hg  total  total  total towal Hg total Hg  total  total  total toal Hg meHg total Hg total  meHg total Hg total Hg total Hg
Hg  (ppb) Hg (ppb) Hg (ppb) Hg  (ppb) (ppb) (ppb} ~Hg  Hg  Heg (ppb) (ppb) Hg  Hg Hg  (ppb) (ppb)  (ppb) Hg  (ppb) (ppb) (ppb)  (ppb)
(ppb) (ppb) (ppb) (ppb) (ppb)  (ppb)  (ppd) (ppb)  (ppb)  (ppb) (ppb)
Retort area (unmined)
33 310 045 30 - 90 - 310 - 40 - - - = e e .« 210 276 60 100 260 - - -
32 o e e e 330 - 90 - e e e e e e e . 0330 - 90 - - 180 70 -
31 e e e e e 280 - 60 - e e e e e 210 210 - 260 - 70 70 - - e -
30 - e e e oo e 150 = 50 - e e e e e e . 180 - 120 70 - 140 40 90
23 - e e e e e 180 - 70 e e e e e e e e . 190 - 50 40 - 160 40 -
24 o« 180 - 30 - = - . = - 150 150 370 230 - 50 100 - - - -
25 e e e 160 - 40 - == - = = -~ 90 40 100 230 - 70 8 - 100 30 120
26 - = < = — - 180 - 40 260 - - = - - 110 110 160 160 - -- 50 40 - -~ - -
27 - - - -- -- - 130 - 90 - - - -- - - 90 100 60 110 - 40 30 - - - -
28 - - e = .= 9 - 40 310 - - -~ -~ -~ 70 60 50 8 - 30 40 - - -~ -
29 - - - - - - 160 - 30 - -- - - -- - 70 80 210 80 - 40 60 - - - -
e 1
35 - -~ - -- - -- 140 - - -- - - - -- - - - -- - - - - -- - -- -
36 - e e e e 90 e e e e e e e e e e et e e e e e e e
Mined area
19 -« -« —  — 100 - 30 - - = = . - 30 100 20 40 - <20 S50 - 40 <20 -
18 -~  ~ -~ =~ . 380 - 70 - 60 20 30 -~ - -~ - - 60 - 30 40 - 130 30 40
17 e e e e e e e e e e e 150 - 70 e .
16 = e« 40 - <0 - - = =~ 70 <20 200 30 - <20 60 - 30 <20 -
15 50 - <0 - 30 - - e e e e e e 20 40 60 e e e e e e e
14 40  — <0 - 30 - e e e e e B0 30 - e e e e e e e e
13 030 -~ <0 - <20 - = = = e 60 90 -~ 280 20 - e e e e e e e e e
12 8 -~ 20 - 30 - 150 - 30 - 50 60 - 60 30 - o e e e e e e e
1t 60 - <20 - 30 -- - - - -- - - - 100 40 - - - - - - - - - - -
1 150 072 30 080 40 087 - - e e e e e e e e e e e e e e
2 900 0.54 40 - 40 - 560 273 70 - 140 130 - - - -- - - - - - - - - - -
3 90 - 20 - 40 - 210 - 30 - 130 70 - - - -- -- - -- - - - - -- - -
4 100 - 30 - S0 - e e e e e e e e e e e
S 120 - 30 -- 50 - - - - - - - - -- -~ - - - - - - - - - - -
6 320 - 20 - 60 = e e e e e e e e e e e e
7 S ) J S 11 1
ST s S
9 110 - <20 - 40 - - - - - -- -- - -- - - - - -- -- -- -~ - - - -
10 40— <20 - <20 - 100 - 20 - e e e e e e e e e e e e
20 120 -~ 30 - 30 - 130 -~ 50 - -~ -~ - 160 40 - - e e e e
210300 - 30 - 60 - = e e e e e e e e
22420 - 50 - 120 - e e e e e e e e et e e e e e

"See table 1 for explanation of codes for vegetation species and tissue types.

drained boreal (northern) forest soils (Brady and Weil,
1996).

Background stream-water samples were collected from
two sites upstream from the Red Devil mine and at several
sites throughout the Kuskokwim River region (fig. 1). All
stream-water samples collected from background sites con-
tain less than 0.1 ppb Hg (table S). These results are con-
sistent with the low concentrations of mercury observed in
natural surface waters, which are commonly less than 0.1
ppb (Wershaw, 1970). The pH of background stream wa-
ters are near neutral to slightly alkaline and range from 6.8
to 8.4, Conductivity values in samples collected from back-
ground sites range from 60 to 115 uS/cm. Turbidity, a

measure of suspended matter such as clay, organics, and
microorganisms, is generally low at most sites in streams
measured for background in the region and ranges from 2
to 6 nephelometric turbidity units (NTU) at most sites;
these values are similar to the 5-NTU State of Alaska drink-
ing water standard (Alaska Department of Environmental
Conservation, 1994). Turbidity measurements were some-
what higher on Red Devil Creek; for example, turbidity
was 15 NTU in a small seep near the mine (table 5, sample
RD4003). Turbidity as high as 30 NTU (table 5, sample
KF4305) was measured on the Kuskokwim River and is
probably related to suspended, glacially derived material in
upstream tributaries that originate in the Alaska Range.
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Table 3. Geochemical data from soil samples collected at the Red Devil and Cinnabar Creek mines

[Analysis of total Hg by cold-vapor atomic-absorption spectrophotometry (CVAAS), lower limit of determination, 20 ppb; analysis of methylmercury
(meHg) by cryogenic gas chromatography with atomic-fluorescence spectrometry (GC-AFS); ppm, parts per million; ppb parts per billion; —, not
determined or sample not collected]

Red Devil Cinnabar Creek

Mined area Retort area (unmined) . Mined area Prospect area (unmined)

Field Total Hg meHg pH  Total Field TotalHg meHg pH  Total Field TotalHg meHg pH  Total Field Total Hg meHg pH Total

no. (ppm) (ppb) organic no. (ppm) (ppb) organic no. (ppm) (ppb) organic no. (ppm)  (ppb) organic
carbon carbon carbon carbon
(pet) (pct) (pcy) (pet)
19 0.15 -- 49 6.13 33 53 821 44 640 53 1,500 133 64 0.6l 52 092 -- - 422
18 0.24 - 51 1.67 32 0381 -- 50 2.1 54 300 -- -- 145 51 35 -- 46 227
17  0.39 -- - 4.28 31 120 -- - 087 54D 220 -- - 1.60 50 0.13 -- 4.8 495
16 8.6 -- 47 4.60 30 29 -- 49 145 55 120 -- 52 145 49 15 -- 52 252
15 19 -- 52 070 23 0.05 - 53 170 56 110 -- 49 2.09 48 93 -- - 149
14 29 -- 64 090 24 1.6 -- 42 439 57 165 - - 044 42 108 503 7.6 0.68
13 19 - 54 072 25 0.14 -- 4.1 656 43 29 -- - 287
12 2] -- 62 0.71 26 -- -- 45 -- 44 0.9 -- 45 452
11 140 - - 1.06 27 1.3 -- 51 3.70 45 0.60 -- 45 4.76
1 300 273 6.4 098 28 021 -- 49 535 46 0.74 -- - 231
2 1,200 419 6.8 1.59 29 2.0 -- - 489 47 82 -- 59 126
3 150 - -- 078 34 094 -- 53 295
4 180 - 5.0 1.46 35 1.9 -- 44 899
5 23 -- 44 1091 36 0.64 - - 589
6 63 -- 58 1.83
7 90 - - 1.11
8 32 -- 4.6 240
9 6.1 - -- - 073
10 094 -~ 54 227
20 41 - - 053
21 330 - 57 030
22 61 -- 52 0.69

Table 4. Geochemical data for vegetation and soil sample background sites

[Analysis of total Hg by cold-vapor atomic-absorption spectrophotometry (CVAAS), lower limit of determination, 20 ppb; analysis of methylmercury
(meHg) by cryogenic gas chromatography with atomic-florescence spectrometry; ppb, parts per billion; ppm, parts per million; —, not determined or
sample not collected; <, less than; sample 37D is a site duplicate]

Red Devil background ‘ Cinnabar Creek background
Fieldno. Alder  Alder  Alder  Alder Soil Soil pH Total Fieldno. Alder  Alder  Alder  Alder Soil Soil pH Total
leaves leaves stems flowers total Hg —meHg organic leaves leaves stems flowers total Hg meHg organic
total Hg meHg total Hg total Hg (ppm)  (ppb) carbon total Hg meHg total Hg total Hg (ppm)  (ppb) carbon
(ppb)  (ppb)  (ppb)  (ppb) (pet) (ppb)  (ppb)  (pPb)  (ppb) (pet)
37 20 - <20 20 0.18 - 44 10.5 58 190 - 20 80 -- -- -- --
37D 30 -- <20 <20 0.10 -- 4.0 10.7 59 80 -- 20 20 1.2 -- 53 2.07
38 100 - <20 40  0.16 - 48 528 60 40 045 <20 30 0.16 0902 5.0 1.10
39 70 0.49 30 150 039 0884 43 698 61 40 -- <20 110 0.18 - 55 8.43

40 <20 - <20 30 - - - -
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Table 5. Geochemical data for stream-water samples collected from the Red Devil mine, Cinnabar
Creek mine, and background sites in the Kuskowkim River region

[Analysis of Hg by cold-vapor atomic-absorption spectrophotometry (CVAAS), lower limit of determination,
0.10 ppb; ppb, parts per billion; NTU, nephelometric turbidity units; RA, raw unfiltered water sample; FA,

filtered water sample; —, not determined or sample not collected; <, less than)

Sample Locality Hg (ppb) pH Conductivity Turbidity
( uS/cm) (NTU)
RD4002RA Red Devil 0.14 7.4 100 35
RD4002FA Red Devil <.10 - - -
RD4003RA Red Devil <10 6.4 275 15
RD4003FA Red Devil <.10 -- -- --
RD4004RA Red Devil .28 7.1 115 35
RD4004FA Red Devil <.10 -- -- --
RD4005RA Red Devil .26 7.0 115 35
RD4005FA Red Devil <.10 -- -- -
RD4006RA Red Devil <.10 7.2 80 8.5
RD4006FA Red Devil <.10 -- - --
RD4007RA Red Devil 16 7.4 80 8.5
RD4007FA Red Devil <10 -- -- --
RD4008RA Red Devil <.10 7.5 80 8.5
RD4008FA Red Devil <.10 -- -- --
RD4009RA Red Devil .19 7.6 75 8.0
CC4200RA Cinnabar Creek .19 7.1 65 5.0
CC4200FA Cinnabar Creek <.10 -- -- --
CCI931FA Cinnabar Creek <.10 6.4 190 --
Background sites
RD4000RA Red Devil <0.10 7.6 105 35
RD4000FA Red Devil <.10 -- -- --
RD4001RA Red Devil <.10 7.6 105 2.0
RD4001FA Red Devil <10 -- -- --
MC4100RA Moose Creek <.10 8.1 75 4.0
MC4100FA Moose Creek <.10 -- -- --
HK4300RA Holokuk River <.10 73 95 6.0
HK4300FA Holokuk River <10 -- -- --
BS4301RA Boss Creek <.10 7.1 60 4.0
BS4301FA Boss Creek <10 -- -- --
EZ4302RA Egozuk Creek <.10 8.4 80 4.5
EZ4302FA Egozuk Creek <.10 -- - -
VH4303RA Veahna Creek <10 7.6 75 5.0
VH4303FA Veahna Creek <.10 -- -- --
KF4305RA Kuskokwim River <10 7.7 115 30
KF4305FA Kuskokwim River <.10 -- -- --
AN4308RA Kuskokwim River <.10 7.1 60 15
AN4308FA Kuskokwim River <.10 -- -- -
BR3069FA Buckstock River <.10 6.8 60 --
CINNABAR CREEK

At the Cinnabar Creek mine, total-mercury concentra-
tions in vegetation samples collected range from 20 to 970
ppb in leaves and needles, <20 to 200 ppb in stems, and
<20 to 310 ppb in flowers (table 1). Leaf samples collected

49

from Cinnabar Creek contain methylmercury concentrations

ranging from 0.73 to 36.7 ppb (table 1).

Soil samples collected from the Cinnabar Creek mine
contain from 0.13 to 1,500 ppm total Hg, with a mean of
157 ppm (table 3). Mine-site soil samples contain from
5.03 to 133 ppb methylmercury (table 3). The soils are
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slightly acidic to slightly alkaline; they range from pH 4.5
to 7.6 and have a mean pH of 5.0. Mean TOC content is
3.87 percent but ranges from 0.44 to 4.95 percent (table 3).

Mercury concentrations are slightly elevated in the raw
unfiltered stream-water samples collected from Cinnabar
Creek downstream from the main mine trench (0.19 ppb),
but the filtered stream-water samples contained less than
0.10 ppb, similar to mercury concentrations in the stream-
water samples collected from background sites (table 5).
Stream-water samples collected from Cinnabar Creek had
near neutral pH (6.4 and 7.1) and low conductivity (65 and
190 (uS/cm) and turbidity values (5.0 NTU), similar to
those measured at Red Devil Creek (table 5).

RED DEVIL

At the Red Devil mine, total-mercury concentrations
in all vegetation samples collected range from 20 to 900
ppb in leaves, <20 to 210 ppb in stems, and <20 to 370 ppb
in flowers (table 2). Leaf samples analyzed for methylmer-
cury have concentrations ranging from 0.45 to 2.76 ppb
(table 2). .

In the soil samples collected from the Red Devil mine,
total-mercury concentrations range from 0.05 to 1,200 ppm,
with a mean of 82 ppm (table 3). Soil methylmercury con-
centrations in samples from Red Devil range from 2.7 to
8.2 ppb (table 3). Soil pH ranges from 4.1 to 6.8, with a
mean of 5.2. The average TOC content is 2.66 percent but
ranges from 0.30 to 8.99 percent (table 3).

Stream-water samples collected in Red Devil Creek
downstream from the mine contain as much as 0.28 ppb
Hg in raw unfiltered stream-water samples. However, in all
filtered water samples collected downstream from the mines,
Hg concentrations are less than 0.10 ppb and similar to
mercury concentrations in stream-water samples collected
from background sites (table 5). The pH of the stream-
water samples collected from the Red Devil mine varies
between 6.4 and 7.6 (table 5). Conductivity values in
samples collected downstream from the Red Devil mine
range from 75 to 115 pS/cm, with the exception of a water
sample (RD4003) collected from a seep draining a caved
adit at Red Devil that has a conductivity of 275 uS/cm
(table 5). In samples collected downstream from the mine,
turbidity varies from 3.5 to 8.5 NTU, again with the excep-
tion of sample RD4003, which has a turbidity of 15 NTU
(table 5).

DISCUSSION

VEGETATION SAMPLES
MERCURY VARIATIONS IN PLANT TISSUE TYPES

In all vegetation samples, total-mercury concentrations
are generally highest in the leaves and lowest in the stems

(figs. 4, 5). Some plant tissues have a greater ability to
absorb mercury than others (Kabata-Pendias and Pendias,
1992), but the data do not always clearly identify which
plant tissues most readily absorb mercury (Warren and oth-
ers, 1983; Kovalevsky, 1987; Rasmussen and others, 1991;
Lodenius, 1994). Some studies suggest discarding stem tis-
sue because stems generally contain low mercury concen-
trations (Rasmussen and others, 1991). Results of our study
support this conclusion. However, Kovalevsky (1987) found
that stems of some Siberian conifers contain higher mer-
cury concentrations than do other parts of the plant.
Lodenius (1994) reported that mercury concentrations are
generally lower in the flowers and leaves than in other
parts of plants. Warren and others (1983) found that in
over 100 species collected from the Pinchi Lake mercury
mine area in British Columbia, roots and flowers tended to
have higher concentrations of mercury than did first-year
leaves and first- or second-year stems. Qur study suggests
that leaves tend to concentrate mercury to a greater extent
than do stems or flowers.

MERCURY VARIATIONS BETWEEN VEGETATION SPECIES

Plant species differ in their ability to take up mercury,
as can be seen in the considerable variation between the
species we sampled (figs. 4, 5). At the Red Devil and Cin-
nabar Creek mines, alders and willows concentrate mer-
cury at levels as much as 20 times higher than those in the
other species collected in this study. Data from Warren and
others (1983) support this observation. The mechanism of
mercury uptake and why certain species accumulate more
mercury than others is unclear. Siegal and others (1985,
1987) suggested that some species are mercury accumula-
tors, whereas other plant species reject mercury, or possi-
bly that certain plants release their absorbed mercury as

" mercury vapor (Hg?) and thus lower their total concentra-

tion of mercury.

MERCURY IN VEGETATION—MINES VERSUS
BACKGROUNDS

Total-mercury concentrations in alder samples are much
higher in the mine-site samples than in the background
samples (figs. 4, 5). Alder leaves collected near the mines
contain mercury concentrations that range from 30 to 970
ppb. These values are similar to concentrations (28 to 1,150
ppb) measured by Warren and others (1966) and Siegal
and others (1985) in various species collected near the Pinchi
Lake mercury mine, but most of these values are for whole
plants, not specific tissues. Alder leaves collected from back-
ground sites for our study contain from <20 to 100 ppb
mercury at Red Devil and from 40 to 190 ppb mercury at
Cinnabar Creek; these values are similar to worldwide back-
ground values in vegetation of 3 to 100 ppb reported by
Lodenius (1994).



MERCURY IN THE TERRESTRIAL ENVIRONMENT, KUSKOKWIM MOUNTAINS REGION, ALASKA

1200
L
E 1000 o ‘
Z EXPLANATION
= L
(Lg T , . . + |L Leaves
Z 800 , . , '
<
(4 S Stems
Z
Qo .
e , F  Flowers or fruits
=5 600 :
{z ! : W Whole plant
m ) .
O , .
Z | |
O 400 ' '
80 ' F )
=} : . .
- s . I L
S 200 F. S ' L . ,
. . - L L F
. . , S . .
N T R ER A O
0 1 I }"l'l P ) e ; L L i | & | 1 L L | | =) 1
Alder Willow White Black Blueberry Dwarf *Background **Background
spruce spruce birch alder various species

VEGETATION SPECIES COLLECTED AT CINNABAR CREEK

Figure 4. Variation in total-mercury concentrations (in parts per billion) between vegetation species sampled and between
tissue type at the Cinnabar Creek mine. The single asterisk denotes background data from this study; the double asterisk
represents background data from Rasmussen and others (1991), Siegal and others (1985), and Warren and others (1983).

1200
- .
& EXPLANATION
Ewm s . ! . . )
o L . ' ‘ . . L Leaves
) } I [ 1 I : I
S Stems
< ) . « " . '
= 800 .
% '|F  Flowers or fruits
E . . - . . .
é 600 . L . . , . .|W  Whole plant
Z .
&3]
2 : : P
O 400 . . . L
@] F
50 I L
& ) .
, , . L S , . .
2 . : : . L
S 200 F Ls | ‘ B . F.
FRARA N AR R
0 ‘:Il ‘I.III T ST % Wl lIl ]
Alder Willow White Cotton- Black Blueberry Paper *Back- **Back-
spruce wood spruce birch ground ground
alder various
species

VEGETATION SPECIES COLLECTED AT RED DEVIL

Figure S. Variation in total-mercury concentrations (in parts per billion) between vegetation species sampled and
between tissue type at the Red Devil mine. The single asterisk denotes background data from this study; the double
asterisk represents data from Rasmussen and others (1991), Siegal and others (1985), and Warren and others (1983).

51



52 GEOLOGIC STUDIES IN ALASKA BY THE U.S. GEOLOGICAL SURVEY, 1995

SOIL SAMPLES

SOIL MERCURY—MINES VERSUS BACKGROUNDS

Not surprisingly, total-mercury concentrations are sig-
nificantly higher in soil samples collected from both the
Red Devil and Cinnabar Creek mines (as much as 1,500
ppm) than in samples collected at the background sites
(0.10 to 1.2 ppm, fig. 6). These elevated mercury concen-
trations in soils are somewhat higher than the values (14 to
500 ppm) found by other studies of abandoned mercury
mines in British Columbia (Warren and others, 1966; Siegal
and others, 1985) but are not substantially different. Most
of the mercury present in soils at these abandoned mines
probably occurs as cinnabar. It is the most stable form of
mercury at the pH levels observed in these soils (Andersson,
1979).

We found somewhat higher background levels of mer-
cury in soils (0.10 to 1.2 ppm) than those reported from
organic-rich soils in other areas. For example, in Norway
and Sweden, background mercury concentrations reported
from organic-rich forest soils are less than 0.24 ppm

(Lindgvist, 1991). In the United States, mean concentra-
tions reported from organic soils and loamy soils are 0.28
ppm Hg and 0.13 ppm Hg, respectively (Kabata-Pendias
and Pendias, 1992). Background levels for organic soils in
Canada as high as 0.40 ppm Hg are reported (Kabata-
Pendias and Pendias, 1992). Shacklette and Boerngen (1984)
report an average value of 0.058 ppm total Hg for back-
ground concentration in all soil types in the conterminous
United States. The higher concentrations of mercury in soils
sampled for background measurements in our study may
indicate high regional background levels of mercury.

Methylmercury concentrations, like total-mercury con-
centrations, are higher in the mine-site soils in our study
area (2.73 to 133 ppb; table 3) than in the background
samples (0.88 to 0.90 ppb; table 4). In addition, methylm-
ercury concentrations in soil samples collected from the
Cinnabar Creek and Red Devil mines are as much as 50
times higher than the average background concentration of
2.5 ppb reported for sediments worldwide by Baeyens
(1992), but the average methylmercury concentration for
background soils collected in our study (0.89 ppb) is much
lower than this worldwide average value.

1600

1400

1200

1000

800

600

400

TOTAL Hg CONCENTRATION RANGE, IN PPM

200

Red Devil
mined area

Red Devil
retort area

Cinnabar Creek
mined area

Cinnabar Creek
prospect area

-Background

SOIL SAMPLE LOCATIONS

Figure 6. Comparison of total-mercury-concentration ranges (in parts per million) in soils collected from Red Devil
and Cinnabar Creek mined areas and unmined areas and regional background sites.
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LIQUID MERCURY VERSUS CINNABAR

At the Red Devil mine, mercury concentrations are
higher in the vegetation samples collected from the unmined
area where the retort was located than in those samples
collected from the mined trench (fig. 7). It is likely that
during mining, retort operations released mercury vapor
(HgO) that later condensed as liquid mercury on the nearby
soils. Liquid mercury, owing to its high solubility, is ab-
sorbed more readily by plants than is highly insoluble cin-
nabar (Lodenius, 1994), the most common form of mercury
in soil in the mined trench. At the Cinnabar Creek mine,
mercury concentrations are much higher in the vegetation
samples collected from the mined trench, where liquid Hg
has been noted (Gray and others, 1991), than in vegetation
collected from a prospect trench where liquid mercury has
not been noted and no ore was mined (fig. 7).

Methylmercury concentrations, like total-mercury con-
centrations, are higher in vegetation samples collected from
both mines (0.45 to 36.7 ppb) than in vegetation samples
collected from background sites (0.45 and 0.49 ppb). Me-
thylmercury concentrations are generally higher in vegeta-
tion samples collected from Cinnabar Creek (0.73 to 36.7
ppb) than in those collected from Red Devil (0.45 to 2.76
ppb) (tables 1, 2). Liquid mercury (Hgo), a form of mer-

cury more commonly found at Cinnabar Creek mine than
at Red Devil mine, is readily converted to the mercuric
(Hg?*) ion, which in turn is easily converted to methylmer-
cury. On the other hand, the conversions of mercury in
cinnabar (HgS) to methylmercury is slow (McLean and
Bledsoe, 1992). Methylmercury levels in vegetation in our
study area are generally low—Iless than 3 percent of total
Hg levels—with the exception of sample 042 from the Cin-
nabar Creek mine, which contains 36.7 percent methylmer-
cury. These data contrast with values from other types of
biological tissue collected in southwestern Alaska; Gray
and others (1994) reported fish samples in which methyl-
mercury constituted greater than 90 percent of the total
mercury content.

Methylmercury concentrations in soils collected from
the mined trench at Cinnabar Creek and from the retort
area at Red Devil are notably higher than those found at
other locations at the mine sites (fig. 8). Liquid mercury is
known to be present in the Cinnabar Creek mine trench.
Likewise, near the Red Devil retort site, liquid mercury is
probably present in the soils from past mining and retort-
ing. In both cases, the presence of liquid mercury most
likely explains the elevated methylmercury concentrations
found in these soils compared with the levels found in soils
collected from backgrounds.
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Figure 7. Comparison of average total-mercury concentrations (in parts per billion) in leaf-tissue samples from mined
areas and unmined areas at Red Devil and Cinnabar Creek mines.
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STREAM-WATER SAMPLES

Some raw unfiltered stream-water samples collected
downstream from the Red Devil and Cinnabar Creek mines
contain mercury concentrations elevated above background
values. Unfiltered stream-water samples collected down-
stream from the Red Devil mine contain as much as 0.28
ppb Hg, whereas background stream-water samples col-
lected in the region contain less than 0.10 ppb Hg. How-
ever, the concentration of mercury in all stream-water
samples is below both the 2 ppb drinking-water MCL rec-
ommended by the State of Alaska (Alaska Department of
Environmental Conservation, 1994) and the 2.4 ppb maxi-
mum instream concentration recommended by the U.S. En-
vironmental Protection Agency (Environmental Protection
Agency, 1992). In addition, streams at these mines gener-
ally are not water supplies for human consumption. Mer-
cury concentrations in the stream-water samples are low,
even downstream from the mines, because the primary ore
mineral is cinnabar, which is resistant to chemical and physi-
cal weathering. The stream-water mercury data indicate that
only small amounts of mercury are transported in water,
generally as suspended material, because the unfiltered wa-
ter samples collected downstream from the mines were the
only water samples with measurable concentrations of mer-

cury. Furthermore, even when mercury is converted to wa-
ter-soluble forms and carried in water, it tends to be rap-
idly sorbed by sediment, including clays, microcrystalline
oxides, and organic matter, in the stream environment
(Jenne, 1970).

CONCLUSIONS

Total-mercury and methylmercury concentrations in
vegetation samples collected from the Cinnabar Creek and
Red Devil mercury mines are elevated relative to regional
background samples. We found considerable variation in
mercury concentrations between different vegetation spe-
cies; willow and alder generally contain the highest con-
centrations of mercury. Elevated mercury concentrations in
vegetation are significant because alder twigs are eaten by
ptarmigan and willow leaves are an important food for
moose (Viereck, 1987). Blueberry, the species most likely
to be consumed by residents of the Kuskokwim Mountains
region, contains relatively low concentrations of total mer-
cury (30 to 100 ppb in the edible fruit). Methylmercury,
the highly toxic form of mercury, is probably not hazard-
ous to humans or wildlife in the region. It generally repre-
sents less than 3 percent of the total mercury present in

140

120
«a .
& Mined area
. |
Z .
o
=
é Retort area
g 80 (Red Devil)
L[xj Prospect area
Z. (Cinnabar Creek)
o}
o
o 60
oo}
L%
g
S
< 40
o
m
>
<

20

0 — l N

Red Devil

Cinnabar Creek

SOIL SAMPLE LOCATIONS

Figure 8. Comparison of average methylmercury concentrations (in parts per billion) in soils collected
from Red Devil and Cinnabar Creek mined areas and unmined areas; regional background concentrations

are less than 0.1 part per billion.



MERCURY IN THE TERRESTRIAL ENVIRONMENT, KUSKOKWIM MOUNTAINS REGION, ALASKA 55

vegetation samples (although values as high as 36.7 per-
cent occur locally); absolute values of methylmercury con-
centration are 0.45 to 36.7 ppb. Other studies (Agency for
Toxic Substances and Disease Registry, 1994) indicate that
chronic exposure (daily for >365 days) to greater than 40
ppm methylmercury is necessary to produce detrimental
effects in laboratory animals.

Total mercury-and methylmercury concentrations in soil
samples collected from the Red Devil and Cinnabar Creek
mines are as much as three to four orders of magnitude
higher than those in background soil samples collected in
this study. However, methylmercury constitutes only a small
fraction (<0.2 percent) of the total mercury present in the
soil samples. Cinnabar is the most common form of mer-
cury in soils collected from the mines, and the high total-
mercury-to-methylmercury ratios in soils indicate low
conversion rates of inorganic mercury (cinnabar) to organic
mercury (methylmercury) at the mines studied. The low
methylmercury concentrations in the soil samples collected
in this study suggest that mercury contamination is not a
problem at the Cinnabar Creek and Red Devil mines.

All concentrations of mercury in stream-water samples
collected in this study are below the 2 ppb drinking-water
MCL recommended by the State of Alaska. Stream-water
pH in samples collected downstream from the mercury

-mines are neutral to slightly alkaline and are similar to
background values. The dominant ore mineral in the mer-
cury mines is cinnabar, which is highly insoluble in water
and resistant to physical and chemical weathering. There-
fore, these mines do not easily form acid drainage during
weathering. Significant acid-drainage problems can result
downstream from some sulfide-bearing mineral deposits and
mines; however, acid formation in streams below the mer-
cury mines in southwestern Alaska is insignificant.
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Distinguishing Between Natural Geologic and Anthropogenic
Trace Element Sources, Denali National Park and Preserve

By Larry P. Gough and James G. Crock

ABSTRACT

Geochemical and biogeochemical investigations in and
near Denali National Park and Preserve (DENA), Alaska,
were designed to (1) establish baseline elemental concen-
tration information for selected native vegetation and the
organic-rich Oa soil horizon, (2) define current spatial ele-
ment trends as they may relate to emissions from a local
coal-fired power plant, and (3) provide information useful
in monitoring long-term landscape biogeochemical changes
and in making biological resources management decisions.
Critical to this assessment was the ability to distinguish
between natural geologic and anthropogenic elemental
sources. Two generally east-to-west traverses (Control and
Stampede) and one north-to-south traverse (River Valley)
were established. Sampling traverses extended outward from
the existing Golden Valley Electric Association (GVEA)
power plant located in Healy or near the Nenana River
north of the GVEA facility. At each locality, samples of
Hylocomium splendens (feather moss), Peltigera aphthosa
(lichen), and the Oa soil horizon were collected. All mate-
rials were analyzed for their total major and trace element
concentrations. Most elements show their highest concen-
trations close-in to the GVEA/Nenana River area and much
lower concentrations beyond about 6 km from the GVEA
facility. For example, Pb levels in moss averaged 6.2 ppm
and 1.4 ppm (dry weight basis) when collected on the Stam-
pede traverse at sites <6 km and >6 km, respectively, from
the GVEA power plant. Elemental concentration baselines
are presented based on the 6-km radius criterion.

INTRODUCTION

The National Park Service (NPS) is concerned that
emissions resulting from the operation of current and fu-
ture coal-fired power plants near the northeastern border of
the Denali National Park and Preserve (DENA) may nega-
tively affect the biological resources of the region, espe-
cially the sulfur dioxide- and trace element-sensitive lichens
(Nash and Wirth, 1988; Treshow and Anderson, 1989).
This study, which is a cooperative one between the USGS

and NPS, was initiated in the fall of 1991 and was de-
signed to (1) establish baseline elemental concentration in-
formation for selected nonvascular vegetation and the
organic-rich Oa soil horizon, (2) define current elemental
areal trends of the area, and (3) provide information useful
in monitoring long-term landscape biogeochemical changes
and in making biological resources management decisions.
We hypothesized that observed baselines would include
input from both natural geologic and anthropogenic elemen-
tal sources. The latter were thought to include emissions
from the existing coal-fired power plant (the 25-MW Golden
Valley Electric Association (GVEA) Healy Unit #1) and
general emissions from local vehicle traffic and homes in
the town of Healy. Critical to this assessment was the abil-
ity to distinguish between natural geologic and anthropo-
genic elemental sources.

Upon completion, this study provided background bio-
geochemical information that assisted in the evaluation of
the potential impact of the new 50-MW Healy Clean Coal
Project (HCCP) power plant. Construction began on the
HCCP power plant in the spring of 1995, and it is sched-
uled for completion in early 1998 (Andrea Blakesley,
DENA, oral commun., 1996). The GVEA facility has been
operating since 1967, and the new HCCP facility is located
adjacent to it. Both power plants are approximately 6.1 km
from the boundary line of DENA, which is classified as a
Class I airshed as defined by the Clean Air Act Amend-
ments of 1977. Following a test period, the HCCP will
burn local coal from the nearby Poker Flats mine. The

. mitigation documents that led to the permitting for the

HCCEP facility’s construction have mandated maximum al-
lowable emissions for both power plants; these limits will
be monitored for compliance on a continuous basis (Alaska
Industrial Development and Export Authority, 1992).

MOSSES AND LICHENS AS BIOMONITORS

Vegetation, especially nonvascular species such as li-
chens and mosses, and organic-rich soils have been used
successfully to assess the amounts and areal extent of in-
dustrial airborne emissions (Gough and Erdman, 1977;
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Godbeer and others, 1981; Gough and others, 1988a, b;
Onianwa, 1988; Puckett, 1988; Markert and Weckert, 1989;
Berthelsen and others, 1995). Lichens and mosses are ef-
fective biomonitors of element deposition because they ac-
cumulate metals to a far greater level than is necessary for
their physiological needs (Nash and Wirth, 1988; Berg and
others, 1995). These and other studies have shown that the
assessment of both floristic composition changes (due to
morbidity and contaminant sensitivity) and trace element
uptake make nonvascular vegetation particularly useful in
point-source, metal contamination studies. Because of
mainly adsorption processes, the organic-rich Oa soil hori-
zon can also be an effective “trap” for metals. Its utility in
delimiting point-source zones of influence was tested in
this study.

PHYSIOGRAPHY, CLIMATE, AND VEGETATION

A detailed discussion of the physiography and climate
of Alaska is given by Péwé (1975). In general, the topogra-
phy of the study area is dominated by the Alaska Range.
The landscape consists of broad alluvial-fan complexes
within river valleys covered with glacial -outwash and eo-
lian deposits. Lowlands containing many small lakes are
scattered in the glacial till. Winds in the Healy region of
the Nenana River valley vary with season but are predomi-
nantly out of the north and west. The vegetation is charac-
terized by interior white spruce-birch forests with
well-developed bogs and muskegs (Van Cleve and others,
1983; Gough and others, 1988c). Associated with these
forests is an abundant shrub, lichen, and moss understory
growth.

GEOLOGY

The study area is underlain by a wide variety of sedi-

mentary, volcanic, and igneous rocks ranging in age from
Precambrian to Holocene (Csejtey and others, 1986, 1992;
Wahrhaftig, 1987) (fig. 1). Most of the older formations
have undergone some degree of metamorphism; for ex-
ample, rocks of the Yukon-Tanana and McKinley terranes
(Paleozoic and (or) Precambrian; see fig. 1) contain schist,
gneiss, quartzite, and marble. The extensive Hines Creek
and McKinley fault systems dominate the tectonics of the
southern part of the study area.

In general, the river valleys (for example, Nenana River
and Healy Creek) are predominantly undifferentiated Qua-
ternary and Tertiary surficial deposits. These include gla-
cial deposit, lake deposits, alluvium, and landslide debris.
All of these deposits consist mainly of unconsolidated ma-
terial ranging in size from huge boulders to very fine-
grained clay. Clay, silt, and even sand (vegetated dunes are
found both north and south of the DENA entrance) are the
cause of massive dust clouds during high winds.

The coals of the study area are both Late Cretaceous
(the Cantwell Formation which overlies the McKinley ter-
rane) and Tertiary (coals that overlie the Cantwell Forma-
tion). The economic coals are associated with the Eocene .
and Miocene Usibelli Group, with the greatest number and
thickest seams in the Healy Creek and Suntrana Forma-
tions. Coal seams are as thick as 20 m (Wahrhaftig and
others, 1994) and range in apparent rank from lignite A to
subbituminous B (Affolter and others, 1980; 1994). Seams
3 and 4 (and possibly 6) of the Suntrana Formation, Poker
Flats mine, is the source of the very low sulfur (<0.5 per-
cent) coal that was burned by the GVEA power plant dur-
ing and immediately before the period of this study (Affolter
and others, 1994). The concentration of many trace ele-
ments in these coals (whole-coal basis), such as Cr (15
ppm), La (7 ppm), Ni (10 ppm), and Yb (0.7 ppm), is
elevated relative to coals from other U.S. sources (Swanson
and others, 1976; Affolter and others, 1994). In this study,
we pursue the possibility of using the presence of these and
other trace elements in plant tissue as tracers of coal com-
bustion.

SOILS

Soils in the area are broadly classified as Spodosols
(presence of an Al and Fe oxide accumulation zone (AQ))
that vary from very shallow (a few centimeters) to deep
(tens of meters). Soil parent material can be generally de-
scribed as residual (developed over bedrock), glacial, or
eolian. In this study, we focus on the organic-rich Oa hori-
zon (usually 3-15 cm thick and about 3-4 cm below the
surface); the Oa is the soil layer between the vegetation
mat above and the AO spodic horizon below.

METHODS
STUDY DESIGN

To discriminate between natural geologic and anthro-
pogenic elemental sources we evaluated element-concen-
tration trends in vegetation and soil with respect to distance
from the GVEA emission source. An inverse log-linear
relationship between element concentration in vegetation
and (or) soil with distance from an emission source is fre-
quently found near fossil-fuel power plants, refineries, or
other types of point-source processing facilities (Gough and
Erdman, 1977). Because emission-source-related trace ele-
ment concentrations vary with vegetation types (owing to
differences in longevity, absorptive surfaces, metabolism,
growth form, habitat, and microenvironment), we sampled
two potentially sensitive plant species.

In order to assess the potential influence of a proposed
expansion of the existing GVEA facility at Healy on the air
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Figure 1. Generalized geologic map of the study area near Healy, Alaska (after Beikman, 1974; Csejtey and others, 1992).
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quality of DENA and surrounding environments, samples
of Hylocomium splendens (feather moss), Peltigera
aphthosa (dog-tooth lichen), and Oa-horizon soil were col-
lected at sites along three traverses that ranged from 16 to
40 km in length. All of the samples were analyzed for their
major and trace element concentrations (fig. 2). These ele-
ment concentrations in moss, lichen, and soil, coupled with
an examination of the chemistry of the coal to be utilized
in the power plants, assisted in the process of evaluating
the potential emission-related impact of the new HCCP
facility on the local geochemical landscape.

Variations of element concentrations in sampled mate-
rial, relative to distance from the GVEA site, were exam-
ined by linear regression. A least-squares equation was used
for the regression, with the prediction model taking the
form

X =a+ blogyD,

where X is the concentration of the element in the material
analyzed, D is the distance from the GVEA site, and a
and b are, respectively, the regression constant and regres-
sion coefficient. The statistical significance of each regres-
sion was determined by analysis-of-variance (ANOVA)
procedures. Coefficients of determination (between element
concentration and log distance) estimate the proportions of
the total variance in concentration that is associated with
distance from an emission source. Large coefficients of
determination are strong arguments for associating an emis-
sion source with element accumulation in vegetation or
soil.

Geochemical and biogeochemical baselines were esti-
mated by first assessing plots of distance from sources ver-
sus element concentrations in plant tissue or soil in order to
choose which samples to incorporate into the determina-
tion of the baseline concentration ranges. If the coefficients
of determination were large, these plots would usually dem-
onstrate a marked decrease in element concentrations at
about 6 km when plotted on an arithmetic scale. The zone
beyond 6 km, therefore, shows a diminution of influence
from the point source and points to a geographic region
that contains material with baseline concentrations,

The study design consisted of three traverses (fig. 2):
(1) the River Valley traverse (originating at the GVEA
facility and progressed south roughly parallel to the Nenana
River), (2) the Stampede traverse (originating at the GVEA
facility and progressing west), and (3) the Control traverse
(originating at the Nenana River 18 km north of the GVEA
facility and progressing west). The Control traverse was
incorporated into the overall study design in order to (1)
factor out any observed GVEA power plant influence, and
(2) assess the potential influence of airborne dust from the
Nenana River basin as a natural geologic trace element
source.

FIELD SAMPLING

Sampling sites consisted of conifer stands, dominated
by white spruce, with a canopy cover of between 30 and 60
percent (moderately dense). Sites were further classified
according to the Viereck system (Viereck and others, 1986).
The sampling sites were characterized by a moderate un-
derstory of mixed shrubs and a dense ground cover of
mosses (Hylocomium/Pleurozium/Polytrichum) with scat-
tered clumps of lichens (Cladina/Cetraria/Peltigera). The
chosen sites were at least 200 m (if possible) from roads or
railroads and at least 50 m from lakes or meadows and
were selected to be as similar to one another as possible
with regard to soil, vegetation, slope, and aspect (orienta-
tion relative to solar radiation). Uniformity in geology was
maintained for the Control and Stampede traverses but was
more variable along the River Valley traverse (figs. 1, 2).
Minimization of site-related variability enhances the prob-
ability of defining variability. associated with external
sources.

Plant and soil samples were collected in close proxim-
ity to each other (less than 3 m apart). At each sampling
site three separate plots were located within 200 m of each
other, and about 200 g dry weight of moss and lichen were
collected at each of these plots. The moss samples were
usually thick, uniform mats and included the stratified old
material (including rhizoids) as well as young material.
Lichen samples consisted of small, scattered clumps. At-

tached organic detritus and extraneous vegetation were re-

moved.

At all three sampling plots per site, living vegetation
was removed from the soil surface and a 50-cm-diameter
circle was cut into the top 10-15 cm of soil. The organic-rich
Oa-horizon was then separated from the underlying AO
mineral soil. Material from all three plots was subsequently
composited and homogenized to make a single sample.
About 1 kg of material was placed in paper soil-sample
bags.

LABORATORY ANALYSIS

Samples of moss and lichen were washed using dis-
tilled water, and attached foreign plant material was re-
moved. The washed samples were then dried in a forced-air
oven at ambient room temperature. Once dry, the plant
samples were ground to minus-10 mesh using a Wiley mill.
Each plant sample was divided with one part ashed at 450°C
over a 24-hr period and the other part left unashed; ash
yield (percent ash) was then calculated. Analytical proce-
dures followed established quality-assurance and quality-
control protocols of the USGS laboratories (Arbogast, 1990)
and included the analysis of duplicate samples (randomly
chosen for 10 percent replication), in-house lichen and moss
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standards, and National Institute for Standards and Tech-
nology, Standard Reference Material (SRM) vegetation stan-
dards. All samples and analytical duplicates were submitted
for analysis in random order.

Soil samples were dried under forced air at ambient
temperature. All of the dry samples were disaggregated
using a mechanical ceramic mortar and pestle and then
sieved to minus-10 mesh. Sample splits were ground to
minus-100 mesh in an agate shatter box, and a split of the
material was ashed in a muffle furnace at 450°C; ash yield
(percent ash) was then calculated.

One hundred milligrams of the ash were digested with
mixed acids. After complete digestion of the ash, major,
minor, and trace element concentrations were determined
by inductively coupled plasma-atomic emission spectros-
copy (ICP-AES) following the methods of Lichte and oth-
ers (1987) and Arbogast (1990). Total sulfur and mercury
were determined directly on a subset of the ground, unashed
plant and soil material by combustion infrared detection
and cold vapor atomic absorption, respectively (Jackson
and others, 1985; Kennedy and Crock, 1987).

RESULTS

SPATIAL ELEMENTAL CONCENTRATION
VARIABILITY '

The total variance in the elemental concentration of
sampled materials was partitioned among three sources (us-

ing a nested ANOVA design as presented by Miesch, 1976):

(1) regional variation—that is, distance away from the
GVEA power plant (Stampede and River Valley traverses)
or the Nenana River (Control traverse); (2) site variation—

that is, variation among plots within a site; and, (3) proce- -

dural or laboratory variation.

In general, when elemental concentrations were well
above the limit of determination (limit of determination,
expressed in parts per million or percent, plus about 10),
procedural variance, or the analytical precision ANOVA
component, for plant-tissue analyses was usually less than
3 percent (Crock and others, 1992a). In addition, close agree-
ment of our analyses to the SRM’s certified values indicate
good laboratory analytical accuracy (usually less than 4
percent). The majority of the variation in our data, for most
of the elements for both moss and lichen, was associated
with distance from the emission source (the regional
ANOVA component). The noticeable exceptions are the

volatile elements Hg, total S, and Se, which show a greater-

amount of variation in the within-sitt ANOVA component.
Replicate soil samples were not collected at each site; there-
fore, an ANOVA for the Oa-horizon soils was not per-
formed.

TRAVERSE TRENDS

Highly variable ash-yield data for plant tissue used in
biomonitoring studies is always troublesome because of
the implication that one may be measuring differences in
the deposition and entrapment of airborne particles. We
have found airborne particle entrapment to be of concern in
semiarid environments (Gough and Erdman, 1977; Jackson
and others, 1985; Gough and others, 1988a) but not as
important in more humid environments (Gough and others,
1988b). Studies have shown fallout-derived particles deeply
imbedded in intertwined lichen tissue that were difficult or
impossible to remove by standard cleaning procedures
(Gough and Erdman, 1977).

Feather moss grows in dense, tangled mats that add
vertically to their mass with each growing season. It is
possible that entrapped extraneous material in the moss
mat was not completely removed through washing. Be-
cause ash yields ranged from <4 to 42 percent and <2 to
7.5 percent for moss and lichen, respectively, dust entrap-
ment is possible (values of <10 percent and <5 percent,
respectively, are common for noncontaminated samples).
Several methods can be used to assess the relative degree
of contamination originating from solid particles that might
contribute to this variability. These include (1) assessing
the absolute concentration of resistate, biologically inert
elements, such as Ti and Sc; and (2) examining the relation
between the concentration of these elements and ash yield.

Log-linear regression plots of ash yield versus the con-
centration of Ti, Sc, and Al in moss and lichen tissue from
samples collected along the three major traverses were ex-
amined. The slopes of the regression lines were positive,
and the r? values indicate that these relations are strong for
all 18 trends (table 1).

These data (table 1) indicate that the highly variable
ash yields are probably the result of deeply entrapped soil
particles. Because common ash-forming minerals, such as
quartz and feldspar, are predominantly composed of the
major elements (Ca, Fe, Mg, Na, Si, and Ti), entrapped soil
particles would “dilute” the concentration of the trace ele-
ments that are of environmental concern. Therefore, en-
trapped soil particles usually cause an underestimation of
the concentration of environmentally important trace ele-
ments.

Log-linear regression plots of element concentration
versus distance from the GVEA site and the Nenana River
(Stampede and River Valley traverses) or from the Nenana
River only (Control traverse) were examined based on the
data from moss, lichen, and soil samples. These plots are
useful in assessing the overall strength of trends using the
geometrically spaced sampling-site design. Plots for V and
Y are shown in figures 3 and 4, respectively, Inverse trends
with coefficients of determination >0.50 are arbitrarily con-
sidered important in this study (50 percent of the total vari-

\
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Table 1. Coefficients of determination for relations between concentrations of Ti, Sc, and Al in moss and
lichen and ash yield along the three major study traverses

Moss _ Lichen

“Traverse Element r2  Traverse Element r2

“Control Ti 0.97  Control Ti 0.81

Sc 80 Sc 85

Al .96 Al 90

Stampede Ti 99  Stampede Ti 94

Sc 98 Sc 79

Al .99 Al 94

RiverValley Ti 83  RiverValley Ti 33
Sc 97 Sc : 88 .

Al .98 Al .96

ability in the data is being explained by the concentration
versus distance trend) and may define emission point-source
influences such as the GVEA power plant. Both V and Y
have been used as coal-combustion tracers in studies in-
volving coal-fired power plant emissions (Gough and
Erdman, 1977; Markert and Weckert, 1989). The trends for
V and Y in soil are weak, similar to those seen for most
other trace elements examined. In contrast, the trends for V
and Y in moss and lichen are strong. In addition, strong
trends were found in moss and lichen for the environmen-
tally important elements As, Cr, Cu, Ni, and Pb (Crock and
others, 1992a).

ELEMENTAL CONCENTRATION BASELINES

Although log-linear plots help assess the relative
strength of the concentration versus distance relationships,
arithmetic plots of the same data are useful for evaluating
the influence of emission point sources in a particular area.
The data for Cr, Pb, Ni, and V in moss, lichen, and Oa soil
for the Stampede traverse are plotted in figures 5 and 6.
Most elements show their highest concentrations close-in
to the GVEA power plant/Nenana River area and signifi-
cantly lower concentrations beyond about 6 km. In addi-
tion, the >6-km zone was the area where most values were
found at or near the detection limit for the analytical meth-
ods used. Because plots for many elements showed trends
similar to those in these figures, we define the baseline as
the observed range, for each of the three sampled media,
for sites beyond 6 km from the GVEA power plant/Nenana
River (table 2).

The Control traverse samples have many of the lowest
element concentrations for moss, lichen, and soil (table 3;
figs. 3, 4). Exceptions are concentrations of Mn, total S,
and Zn, as well as the major elements such as Mg and P.
For example, concentrations were low along the Control

traverse for Al, As, Cr, Ni, Se, and V (as well as ash yield)
in all three sample media, and for Ca, Cu, Fe, La, Pb, and
Y for moss and soil (but not lichen). The Control traverse
appears to be outside the measurable potential influence of
the present GVEA facility. For the Control traverse, ob-
served inverse concentration versus distance trends are
thought to result from the influence of airborne dust origi-
nating from the Nenana River alluvial plain.

The Stampede traverse crosses the eroded sideslope of
the Nenana River and an upland Quaternary pediment (figs.
1, 2). This traverse has the highest overall element concen-
tration levels of all three traverses in all three sample me-
dia (table 3); however, these higher concentration levels do
not necessarily translate into stronger concentration versus
distance trends. Some of these concentration levels appear
elevated when compared with values cited in the general
moss and lichen literature (Crock and others, 1992a, b),
and the traverse trends indicate that the GVEA facility, or
the town of Healy in general, or both, are probable sources
for some elements. 4

The River Valley traverse follows the Nenana River.
The base of the valley is filled with glacial material mixed
with sideslope alluvium. The composition of these alluvial
fans is determined by the upslope geological materials (fig.
1). Distance from the GVEA power plant, therefore, may
not be the only variable contributing to the trends observed
in the data; changes in the soil mineralogy and the geology
would influence the local geochemistry. The River Valley
traverse has intermediate concentration levels when com-
pared with the data for the Control and Stampede traverses
(table 3).

In general, elemental concentrations in samples col-
lected from all three traverses follow the progression li-
chen < moss < soil. Concentrations of most elements were
several times greater in moss than in lichen (table 3), with
the notable exception of sulfur, for which moss and lichen
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Table 2. Observed baseline range for element concentrations (dry-weight basis) and ash yield for moss, lichen,
and Oa-horizon soil, Denali National Park and Preserve, Alaska

Moss Lichen Oa-soil

Element (n = 45) (n = 45) (n =21)

Al 0.064 - 0.78 0.022 - 0.24 1.2 - 6.0
Ca' 60 - 1.1 17 - .66 28 - 3.2
Fe! .048 - .53 014 - .19 73 - 4.0
K! A5 - 54 .18 - .95 27 - 2.2
Mg' 15 - .28 058 - .20 15 - .65
Na' 033 - .16 012 - .045 A3 - .78
P .069 - 17 .099 - 37 .053 - .18
S! .05 - .10 08 - .14 .07 - 23
Ti! .003 - .035 -.0003 - .008 .034 - 33
As 1 - 5.6 < 05 - .38 1.1 - 11
Ba 13 - 230 9.0 - 49 21 - 1700
cd < .1 - 7 < 1 - 4 < 4 - 1.7
Ce 4 - 18 < 2 - 73 9.0 - 85
Co 4 - 2.5 2 - 20 50 - 19
Cr 9 - 16 4 - 36 14 - 75
Cu 90 - 25 5.0 - 18 10 - 42
Ga 3 - 2.2 < 2 - 7 3.0 - 16
Hg 05 - 13 < .02 - .14 06 - .14
La 3 - 10 < 1 - 41 5.0 - 47
Li 3 - 50 < .1 - 1.0 4.0 - 23
Mn 56 - 1300 32 - 490 69 - 2400
Mo 7 - 2.8 < 2 - 1.5 < .5 - 4.2
Nd 4 - 8.2 < 2 - 35 6.0 - 37
Ni 1.1 - 9.5 .6 - 59 10 - 37
Pb 7 - 4.7 2 - 33 3.5 - 20
Sc < 2 - 1.3 < .1 - 4 2.7 - 1
Se <.03 - .62 < .03 - 007 A1 - 49
Sr 37 - 82 11 - 38 36 - 190
Th <3 - 2.8 < 2 - 1.5 1.5 - 16
\Y% 1.1 - 20 4 - 39 19 - 120
Y 2 - 2.5 < 1 - .8 2.2 - 12
Zn 22. - 81 20 - 95 25 - 140
Ash yield! 336 - 126 2.02 - 729 14.3 - 852

' Range given in percent.

concentrations were similar. Concentrations of Mn and to-
tal S were elevated in lichen tissue.

Concentrations of the environmentally important ele-
ments (including total S) in Oa-horizon soils were found to
be close to published values (Crock and others, 1992a, b;

Severson and others, 1992) for identical and similar spe-
cies. We found no unusually high concentrations of any of
the elements, including the rare-earth elements. Many of
the element concentration versus distance trends observed
for both moss and lichen were similar to those in soil. This
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is to be expected if the soil organic matter is assumed to
serve as a sink for the elements that are being transmitted
through the atmosphere.

The coal being burned at the GVEA power plant is
relatively homogeneous and is low in total S (<0.5 percent)
and many of the potentially toxic metals (for example, As
<50 ppm, Cr <200 ppm, Pb <40 ppm (dry-weight basis);
Crock and others, 1992a). Although a mass-balance study
was not performed, analysis of monthly composite coal
and fly-ash samples did show that for most elements, in-
cluding Hg, As, V, Co, Cr, and Cu, the amount being lost
to the atmosphere during coal combustion was not great.
Elements that probably are being lost in the flue gases
include Cd, total S, Ni, Pb, and Zn.

CONCLUSIONS

The HCCP coal-fired power plant is currently being
built adjacent to the existing GVEA power plant at Healy,
Alaska. Except for an experimental start-up period, coal to
be utilized in the HCCP power plant is the locally mined
Miocene subbituminous variety that is generally low in to-
tal S (< 0.5 percent) and high in ash (~7 percent). This type
of coal is also being burned in the GVEA power plant.
Compared with coals from the lower 48 States, the Alaska
coals are generally high in Cr, V, and Y and in the lan-
thanide elements (La, Nd, and Yb).

This study. assessed the potential role that emissions
from GVEA may have on the biological resources of nearby
Denali National Park and Preserve (DENA). Objectives were
to (1) establish baseline elemental concentration informa-
tion for a common species of moss and lichen and the
organic-rich Oa soil horizon, (2) define current spatial ele-
ment trends as they may relate to the power-plant emis-
- sions, and (3) provide information useful in monitoring
long-term landscape biogeochemical changes and in mak-
ing biological resources management decisions. We hy-
pothesized that observed baselines would include input from
both natural geologic and anthropogenic elemental sources,
and thus distinguishing between these two types of sources
was essential.

Three traverses were established, with two (River Val-
ley and Stampede) radiating from the GVEA facility. The
third traverse (Control) progressed westward from the
Nenana River and was judged to be generally outside the
potential influence of the emission source. Plant and soil
samples collected along these traverses were analyzed for
>40 trace elements, and patterns of element concentration
versus distance from the emission source were evaluated.

Concentrations of elements such as Cr, Pb, Ni, V, and
Y in the material sampled close to the emissions source
(<6 km) were found to have levels several times greater
than material collected farther away. Baseline geochemical
and biogeochemical levels were defined as the range of

elemental concentrations observed in material collected
greater than 6 km from the GVEA power plant. Concentra-
tions of elements in samples from the Control traverse were
generally lower and had a fewer number of inverse concen-
tration versus distance trends than were found in the other
two traverses. Whereas each of the materials sampled (moss,
lichen, soil) was effective in assessing the zone of influ-
ence of the elemental emissions, moss generally proved
better than lichen, which in turn was more useful than soil.
These data provide a snapshot of current biogeochemical
trends and a basis against which future monitoring of
geochemical landscape changes can be compared.
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Preliminary Evaluation of Emergent Postglacial Shorelines,
Naknek and Iliamna Lakes, Southwestern Alaska

By Darrell S. Kaufman and Karen B. Stilwell

ABSTRACT

Following late Wisconsin deglaciation of the Iliamna
Lake and Naknek Lake basins, lowered lake levels created
a flight of beach ridges and wave-cut terraces rimming the
present-day lakes. Terraces at nearly identical altitudes
above Iliamna Lake (at about 10, 25, 30, and 40 m above
the present-day lake) and separated by over 70 km north-
east to southwest indicate that there has been little if any
tilting in this direction as a result of differential glacio-
isostatic rebound or regional tectonism. Likewise, at Naknek
Lake, the consistent altitudes of terraces at about 5, 15, and
30 m and separated by a maximum of 50 km southeast to
northwest suggest that these shorelines are also horizontal,
or nearly so. The most prominent terraces above both lakes
lie about halfway between the highest terrace and the
present-day lake level (24 m above Iliamna Lake and 15 m
above Naknek Lake). If these terraces are correlative, then
this correlation indicates some common control on lake-
level fluctuations such as base level or climate. On the
other hand, Iliamna Lake shows five terraces and Naknek
Lake only three, suggesting that other factors, including
different histories of outlet erosion, played a role in lake-
level changes at the two lakes.

The 24-m terrace and higher terraces at Iliamna Lake
and all three terraces at Naknek Lake were formed during
latest Wisconsin and early Holocene time. The 40-m ter-
race at Iliamna Lake was probably cut during the Newhalen
stade of the Brooks Lake glaciation. The 30-m terrace, and
all higher terraces, are older than a prominent, pinkish-
orange tephra, which is correlated by major element chem-
istry with the Lethe tephra, whose previously published
14C age is about 12.6 ka. Based on previously published
14C ages, the 24- and 17-m terraces at Iliamna Lake appar-
ently formed at 8.5 and 5.5 ka, respectively. Lake level at
Naknek Lake fell below about 9 m above present lake level
before 7.4 ka and after the late-glacial Iliuk stade of the
Brooks Lake glaciation.

INTRODUCTION

Lakes along the northern Alaska Peninsula occupy
troughs sculpted by glacier ice that flowed from east to

west and are dammed by end moraines of late Wisconsin
age (fig. 1). lliamna and Naknek are two of the largest
lakes on the peninsula (125 km and 60 km in length, re-
spectively); Iliamna Lake is larger than any lake in the
United States with the exception of the Great Lakes. Fol-
lowing deglaciation of the lake basins, lake levels fluctu-
ated, creating a flight of wave-cut terraces and beach ridges.
The terraces are well preserved and in places are laterally
traceable for tens of kilometers (fig. 2). They provide out-
standing datums that can be used to assess the magnitude
and direction of postglacial basin tilting. Such tilting may
have occurred in response to tectonic forces or to postgla-
cial isostatic rebound as a result of glacial unloading from
the east, where ice was thickest.

Lake shorelines and terraces generally record lake-level
stabilization for extended intervals followed by rapid lake-
level change. Within open basins, such as present-day
Iliamna and Naknek Lakes, shoreline features record inter-
vals of lake-level stability during overall regression. Within
closed or semiclosed basins, on the other hand, shoreline
features form during both transgressive and regressive
phases. Differentiating between these alternatives is often
difficult and relies on accurate interpretations of sufficiently
well-exposed stratigraphic relations. For example, at the
east end of Iliamna Lake (fig. 1), Detterman and Reed
(1973) described transgressive sand overlying a buried soil
in a terrace at about 18 m above lake level. If their inter-
pretation of the origin of this deposit is correct, then Iliamna
Lake experienced a lake-level rise at a time either when its
outlet was too small to accommodate the rising outflow or
when the outlet altitude was higher than the lake level.

Lake-level transgressions, such as that interpreted by
Detterman and Reed (1973), are typically controlled by
climatic changes or by capture of inflows. Lake-level re-
gressions, on the other hand, may or may not reflect cli-
mate forcing. Regressive shoreline features in an open basin
typically record intervals of threshold stability followed by
rapid outlet incision. The cause of episodic incision might
be (1) climatic change leading to increased discharge and
consequent accelerated incision, (2) base-level change re-
sulting from tectonic or isostatic forces, (3) variability in
the strength of the outlet constriction, or (4) some combi-
nation of these. If incisions are controlled by a common,
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regionally synchronous mechanism, such as climatic or tec-
tonic forces, then all lakes within the affected region should
behave synchronously, possibly with similar amplitudes of
change. Likewise, if the forcing is regional and episodic,
then broader and more extensive terraces should form at all
lakes during extended periods of stability compared with
those that form during shorter intervals of lake-level stabi-
lization. On the other hand, if the history of outlet incision
is chaotic, with lake-level lowering in response to some
variation in the stratigraphic or lateral strength of confining
dams, then the lake-level fluctuations would not be ex-
pected to be in phase.

Our study expands upon previous work that established
the altitudes of shorelines at a few sites around Iliamna
(Detterman and Reed, 1973) and Naknek (Riehle and
Detterman, 1993) Lakes. It is a preliminary effort to (1)
determine whether the shorelines have been tilted, and if
so, the amount and direction of deformation; and (2) limit
the ages of the shorelines. More in-depth studies are needed
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Figure 1. Northern Alaska Peninsula showing locations of
shoreline-altitude measurement sites (numbers in solid circles)
and '4C collection sites (numbers in solid squares) at Iliamna and
Naknek Lakes. Shoreline-altitude site numbers refer to those listed
in table 2 and shown on transects in figure 3. Radiocarbon site
numbers refer to those in table 3. T indicates location of tephra
discussed in text. Asterisks indicate locations of terrace altitudes
measured by Detterman and Reed (1973) at [liamna Lake and by
Riehle and Detterman (1993) at Naknek Lake. Gray line delimits
termini of late Wisconsin glaciers.

to fully understand the ages and physiography of the lake
terraces. Although our study does not unequivocally re-
solve the mechanism of lake-level change at Iliamna and
Naknek Lakes, it provides a reference for future studies
aimed at evaluating such changes at other lakes along the
Alaska Peninsula.

Iliamna Lake attained its maximum depth following
retreat of the Iliamna lobe from its maximum late Wiscon-
sin position (Kvichak stade of the Brooks Lake glaciation;
table 1). At its highstand, the lake was about 20 percent
larger than present and formed a shoreline about 45 m
above the present-day lake level, which is about 14 m above
sea level (asl) (Detterman and Reed, 1973). Below this
level, Detterman and Reed (1973) identified four major
terrace levels, at 12, 24, 30, and 39 m above the present-
day lake, which are well preserved on the west side of the
Newhalen River near its mouth (fig. 2A). Less extensive
terraces are developed at 17 and 36 m above the present-
day lake level. The 12- and 24-m terraces are the broadest
and most continuous, typically 0.3-0.9 km wide but locally
as much as 1.5 km wide. Detterman and Reed (1973) sug-
gested that the terraces may be tilted down to the south-
west in response to isostatic adjustment following
deglaciation. They presented no data, however, to assess
this possibility, other than their inference, based on inter-
pretation of aerial photographs, that the lake outlet has mi-
grated southward.

At one site at Naknek Lake, Riehle and Detterman
(1993) measured three approximately evenly spaced ter-
races, at 5, 15, and 30 m above present-day lake level (10
m asl). Naknek Lake apparently attained its highest stand
sometime following late Wisconsin deglaciation of the ba-
sin. At this time, and during its subsequent lowering and
stabilization to 15 m above present-lake level, Naknek Lake
was connected with Lake Brooks. Once the lake level
dropped below 9 m above the present-day level, the two
lakes became separated (Dumond, 1981). Presently, Brooks
Lake drains northeastward into Naknek Lake, whereas dur-
ing glacial times it flowed southwestward (Stilwell, 1995).

METHODS

Spot altitudes were measured at terrace shoreline angles
(break in slope at back, wave-cut edge of terrace) using a
digital barometric altimeter precise to 0.1 m. Lake level
in 1994 was used as a datum. To account for the effects of
barometric changes, base stations were reoccupied fre-
quently and altitudes were corrected by linear interpolation
between calibration points. The accuracy of measurements
is a function of (1) the number of readings on a terrace, (2)
the rate of change of barometric pressure, and (3) the length
of time between measurements and calibrations. At 14 of
the 17 terraces measured, repeat measurements varied by
+1 m or less (table 2). At the remaining three terraces, the
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range was 3 to 6 m. No attempt was made to estimate the
error associated with each terrace altitude. Instead, we use
a conservative estimate of 2 m as the error in altitude for
all terraces. This value is nearly four times larger than the
average range of repeated measurements made at 17 sites.
Shoreline altitudes above Iliamna Lake were measured at
two localities (fig. 1), and a topographic profile was mea-
sured at one (site 2). At Naknek Lake, shorelines were
measured at five sites (fig. 1).

TERRACE PHYSIOGRAPHY

We identified three prominent terraces at Iliamna Lake
near the village of Iliamna (fig. 1, site 1), designated here
as terraces IL-1, IL-2, and IL-3 (fig. 3; table 2). The lowest
terrace is 12 m above the lake, an intermediate terrace is at
27 m, and the highest is at 39 m. (Hereafter, all altitudes
are relative to present-day lake level and are considered
accurate to within £2 m.) Near the northwest corner of
Iliamna Lake (site 2), we identified five terraces, at 8, 24,

31, 35, and 41 m, designated as terraces IL-4 through IL-8,
respectively. Of the eight terraces that we measured, six
overlap with the altitudes of Detterman and Reed (1973),
but the other two (IL-4 and IL-7, at 8 and 35 m, respec-
tively) are at significantly different altitudes. The highest
terraces measured were IL-3 (39 m) and IL-8 (41 m) at
sites 1 and 2, respectively. At site 2, the 24-m terrace (IL-
5) is approximately 120 m wide and is the broadest terrace;
the 8-m terrace (IL-4) is 75 m wide (fig. 4). The widest
terrace at site 1 is the 27-m terrace, although its width was
not measured on the ground. All terrace widths vary later-
ally.

The mean altitudes of the highest terraces, IL-3 (39 m)
at site 1 and IL-8 (41 m) at site 2, overlap within the
measurement uncertainty, suggesting that these terraces form
a single horizontal, or nearly horizontal, surface extending
more than 70 km from northeast to southwest (fig. 3). This
correlation is strengthened by the observation that both are
the highest terraces cut onto drift of the Iliamna stade.
Implicit in this correlation is the assumption that lower,
presumably younger terraces are horizontal, or nearly hori-

Figure 2. Lake terraces and beach ridges. A, Vertical aerial photograph of the mouth of the Newhalen River, north side of Iliamna
Lake. B, View to east of western end (outlet) of Naknek Lake; shoreline angles highlighted by dashed lines; spruce trees are 2-4 m tall.
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zontal, as well. Therefore, the prominent IL-2 terrace (27
m) at site 1 should correspond to the broad IL-5 terrace (24
m) at site 2. Likewise, the IL-1 terrace (12 m), the lowest
terrace at site 1, should correlate with the IL-4 terrace (8
m), the lowest at site 2. Although the mean altitudes for the
lower terraces are 3-4 m lower at site 2 at the western end
of the lake compared with site 1, we cannot differentiate
them within our measurement uncertainty. The mean alti-
tude of the highest terrace shows the opposite trend (higher
to the west), although 2 m of down-to-the-southwest tilting
is permissible within the +2 m uncertainty. Assuming that
the highest, oldest terrace has been tilted at least as much
and in the same direction as younger, lower terraces, and
using a measurement uncertainty of 2 m, we may con-
clude that the terraces are either horizontal or, if they are
tilted, then they are tilted downward to the southwest by no
more than a few meters over the 70 km that separates the
two sites.

At Naknek Lake, three distinct terrace levels are present,
at 6, 15, and 31 m (fig. 3; table 2). These altitudes overlap
within the measurement uncertainty with those reported by
Riehle and Detterman (1993). The most prominent terrace,
with the greatest width and most widespread distribution,

was found at 14 to 15 m at all sites. The lowest terrace at 6
m is present at the western end of Iliuk Arm (site 1; NL-1)
and was also reported from the northwestern side of the
lake, near site 4 (Riehle and Detterman, 1993).

The altitudes of the highest measured terraces at
Naknek Lake (NL-3, 30 m; NL-6, 29 m; and NL-8, 31 m)
average 30 m and overlap within +2 m, implying that these
terraces form a single, roughly horizontal surface that ex-
tends more than 50 km northwest to southeast and, when
including measurements made by Riehle and Detterman
(1993), across 35 km from north to south (fig. 3). Simi-
larly, the altitudes of the intermediate terraces (NL-2, 14
m; NL-4, 15 m; NL-5,14 m; NL-7, 15 m; and NL-9, 15 m)
average 15 m, overlap within +2 m, and suggest a consis-
tent shoreline that has not been tilted by more than 4 m
across 35 km from north to south or 50 km southeast to
northwest (fig. 3).

The difference in the thickness of late Wisconsin gla-
cier ice between the eastern, upglacier and western, termi-
nal ends of both the Naknek Lake and Iliamna Lake basins
should have led to a significant difference in isostatic load-
ing and, therefore, in postglacial rebound and consequent
shoreline tilting. Mann and Peteet (1994) recently calcu-

Figure 2. Continued.
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Table 1. Geochronologic and climatologic units used in this report

[Climate units (glaciation and stade) are used informally for consistency with previous literature addressing the Brooks

Lake glaciation]

Age (ka) Epoch Glaciation Stade Reference
0-10 Holocene
Ukak Pinney and Begét, 1991b
Iliuk Muller, 1952
26-10 late Pleistocene Brooks Lake Newhalen Detterman and Reed, 1973
Iliamna Detterman and Reed, 1973
Kvichak Detterman and Reed, 1973

Table 2. Terrace altitudes measured at Iliamna and Naknek
lakes

Site Terrace Altitude (m above lake level)
(fig. 1) (fig. 3) Range Mean Nt
Iliamna Lake
1 IL-1 12-12 12 2
1 IL-2 27 - 27 27 2
1 IL-3 38 - 41 39 3
2 IL-4 8-8 8 2
2 IL-5 24 - 25 24 3
2 IL-6 31-31 31 2
2 IL-7 35-35 35 2
2 IL-8 40 - 42 41 2
Naknek Lake
1 NL-1i 5-6 6 2
1 NL-2 11-16 14 8
1 NL-3 27 - 33 30 4
2 NL-4 14 - 16 15 2
3 NL-5 14 - 14 14 2
3 NL-6 29 - 29 29 2
4 NL-7 15-15 15 2
4 NL-8 31 - 31 31 2
5 NL-9 15-16 15 3

'Number of altitude measurements at terrace.

lated ice-surface profiles for these glaciers. Their recon-
structions show glacier thicknesses of about 800 m at the
eastern end of the lake basins, with ice surfaces that slope
westward at about 4 m/km to the glacier termini. These
reconstructions agree with our observations of the altitudes
and gradients of lateral moraines and ice-marginal_drain-
ages on valley walls above Iliamna and Naknek Lakes

(Stilwell, 1995). Based on the simple assumption that the
amount of isostatic depression caused by glacial loading
was proportional to the ratio between the density of ice and
underlying crust (about 0.3), elastic rebound should have
resulted in differential uplift of about 1 m/km, which is
typical for tilted postglacial shorelines (Andrews, 1975).
Thus, we expected shorelines at the eastern ends of the
Iliamna Lake and Naknek Lake basins to be tens of meters
higher than correlative ones at the western ends. Instead,
the shorelines are either horizontal in the direction of the
transects or, if they are tilted, then their gradient is an order
of magnitude lower than expected. This suggests that one
or more of the following occurred: (1) Restrained rebound
(elastic isostatic recovery that occurred while the area was
still glaciated but under a diminishing ice load) allowed the
basin to rebound before the shorelines were cut. (2) Ice
advanced to the western ends of the basins too rapidly to
establish full isostatic depression. (3) The ice load was
more evenly distributed (lower surface slope and thinner)
than expected, perhaps because the shear stress at the base
of the glaciers was low. (4) The difference in the amount
of depression was less than expected, perhaps reflecting
atypical crustal rheology.

GEOCHRONOLOGY

We constrained the ages of terraces surrounding Iliamna
and Naknek lakes using 4C dates (table 3), stratigraphic
relationships, and tephrochronology. Together, the age evi-
dence indicates that the terraces were formed during latest
Wisconsin and early Holocene time (fig. 5). At its highest
stand of 45 m above present-day lake level, Iliamna Lake
was impounded by the prominent terminal moraine located
37 km downstream of the present outlet of Iliamna Lake.
This moraine comprises the type drift of the Kvichak stade,
the oldest phase of the Brooks Lake glaciation (Detterman
and Reed, 1973). Peat that underlies outwash gravel asso-
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ciated with the Kvichak moraine approximately 15 km
downstream of the moraine along the Kvichak River (table
3, site 4) provides a maximum limiting age of 26,155+285
yr B.P. (all ages are in 4C years) on the highest terrace
and, therefore, on all younger terraces (Stilwell and
Kaufman, 1996). Following the retreat of the Kvichak stade
glacier, the level of ancestral Iliamna Lake appears to have
fallen below 31 m, enabling beach gravel, now exposed in
bluffs at the west end of the lake, to infill the distal portion
of the basin (Stilwell and Kaufman, 1996). The glacier

the northwestern shore (fig. 1, site T). Based on major
element chemistry of glass shards (table 4), we correlate
the tephra with the Lethe tephra of Pinney and Begét (1991a)
(similarity coefficient = 0.96), which has been 14C dated at
about 12.6 ka. The tephra at Iliamna Lake was found in
massive sand at about 28+3 m above lake level. (Altitudes
within the section were measured by locating vertical dis-
tances (eye-heights) against the bluff face using a hand-
held level, and they are probably accurate to within +10
percent.) The tephra lies 10 cm above a planer contact cut
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Figure 3. Lake-terrace altitudes measured at seven sites at Iliamna and Naknek Lakes plotted along three transects. Lines connect
terraces at similar altitudes. Asterisks denote altitudes of terraces measured by Detterman and Reed (1973) west of Newhalen River
(fig. 1) and by Riehle and Detterman (1993) near our site 4 on the north shore of Naknek Lake. Circles represent individual readings,
some of which overlap; horizontal lines are averages of repeat readings on a terrace; and vertical lines span range of readings on a

terrace..

then readvanced, depositing outwash and till of the Iliamna
stade. The end moraine of the Iliamna stade presently en-
closes Iliamna Lake.

The next lower terrace (IL-3; 39 m) is notched into
drift of the Iliamna stade at its type locality near the north-
east corner of the lake. The length of time separating the
formation of this terrace from the older, 45-m terrace is not
known. Based on correlations with other moraine sequences
in Alaska whose ages are more closely constrained, how-
ever, it appears that the Iliamna stade was complete prior
to about 14 ka (Stilwell and Kaufman, 1996). The 39-m
terrace would have been cut sometime after, perhaps dur-
ing the Newhalen stade. This age assignment is based on
an interpretation of 1:63,360-scale aerial photographs that
show an outwash plain headed against the type Newhalen
stade moraine and graded to a hanging delta 4.5 km north-
east of the village of Iliamna. The delta, in turn, is graded
to the 39-m terrace, thus tying it to the Newhalen stade,
which is thought to be younger than about 14 ka (Stilwell
and Kaufman, 1996).

The age of the next lower, relatively extensive terrace
(IL-6; 31 m) at Iliamna Lake is constrained by a distinctive
pinkish-orange tephra exposed in the high lake bluffs along

50 T T T T T T T T

Altitude above Iliamna Lake (m)

1 1 1 L | 1 |
200 400 600 800
Distance northwest from lake shore (m)

0 &
0

Figure 4. Topographic profile of terraces above Iliamna Lake
at site 2 (fig. 1). Uncertainty in measurements is contained
within plot symbol. Vertical exaggeration, x19.



PRELIMINARY EVALUATION OF EMERGENT POSTGLACIAL SHORELINES 79

Table 3. Radiocarbon ages that bear on the timing of lake-terrace formation at Iliamna and Naknek Lakes

Stratigraphic position

Reference

Site Age Lab ID Material
(fig. 1) (yrB.P.)

1 5,520 £250 W-2147 Twigs, grass, and
seed pods

2 7,360 £250 1-1160 Charcoal

3 8,250 +350 W-1479 Organic matter

4 26,155 £285 AA-15092 Plant macrofossils

5 26,570 +320 Beta-39578 Peat

From 17-m lake terrace

From surface

3.4 m below surface of
24-m terrace

Underlies outwash associated
with Kvichak moraine

Underlies outwash associated
with Naknek moraine

Detterman and Reed,
1973

Dumond, 1981

Detterman and others,
1965

Stilwell and Kaufman,
1996

Mann and Peteet,
1994

into till of the Iliamna stade, which we infer was eroded in
a few meters of water depth when the lake level stabilized
at 31 m. Although the depositional environment of the en-
closing sand is equivocal, we suggest that the tephra was
erupted after Iliamna Lake fell below 31 m, during an in-
terval of eolian-sand aggradation.

Two previously published 4C ages from lower ter-
races at Iliamna Lake provide additional chronological con-

trol (Detterman and others, 1965; Detterman and Reed,
1973). An age of 8,250+350 yr B.P. (table 3, site 3) was
determined on fine-grained organic matter contained in
poorly stratified silt and sand thought to be of lacustrine
origin (Detterman and others, 1965). The sample was col-
lected 3.4 m below the surface of a 24-m terrace and ap-
parently dates to the time that the lake occupied this level.
Similarly, twigs, grass, and seed pods collected 30 ¢cm be-
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Figure 5. Hydrographs summarizing altitude and ages of terraces at Iliamna and Naknek Lakes. Left- and
right-pointing arrows indicate maximum and minimum ages, respectively; down-pointing arrow indicates
lake-level lowering between Kvichak and Iliamna stades. Circles lacking an arrow reflect ages that are
thought to coincide closely with terrace formation. Geochronological control as follows: (1) 14C age (table
3, site 4; Stilwell and Kaufman, 1996) on peat underlying outwash associated with the Kvichak moraine; (2)
age of hanging delta graded to 39-m shoreline and ascribed to the Newhalen stade, inferred (Stilwell and
Kaufman, 1996) to have occurred after about 14 ka; (3) 14C age (Pinney and Begét, 1991a) of Lethe tephra,
correlated by major element geochemistry (table 4) with the tephra deposited on the 30-m terrace (fig. 1, 14¢
site 1); (4) l4c age (table 3, site 3; Detterman and others, 1965) on organic matter from lacustrine deposits
from a 24-m terrace; (5) 14C age (table 3, site 1; Detterman and Reed, 1973) on detrital organic matter from
a 17-m terrace; (6) 14C age (table 3, site 5; Mann and Peteet, 1994) on peat underlying outwash associated
with the Naknek moraine; (7) 14C ages (Pinney and Begét, 1991b) that limit the deposition of the Iliuk stade
moraine, which is notched by the 30- and 15-m terraces; and (8) 14¢ age (table 3, site 2; Dumond, 1981) on
charcoal from the 6-m terrace.
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Table 4. Major element chemistry of glass separates of pinkish-orange tephra collected 28>m above lake level at northwest
corner of Iliamna Lake (fig. 1, 14C site 1)

[Microprobe analyses performed by C. Meyer (U.S. Geological Survey)]

NaO  MgO AlLO3  SiO; K20 Cao TiO2 MnO FeO Total
Pinkish-orange tephra, Iliamna Lake
Mean  4.44 0.65 13.80 71.37 2.43 2.35 0.62 0.07 2.84 98.57
tlo 0.11 0.07 0.30 0.91 O0.11 0.23 0.08 0.03 0.23 N=18!
Distal Lethe tephra analyzed by Pinney and Begét (1991a)
Mean  4.31 0.70 13.88 72.37 2.34 2.56 0.62 nd 3.07 99.85
tlo 0.14 0.04 0.13 0.30 0.06 0.09 0.05 - 0.13 N=16!

INumber of glass shards analyzed.

low the surface of a 17-m terrace yielded a 14C age of
5,520+250 yr B.P. (table 3, site 1; Detterman and Reed,
1973). The organics are thought to have washed onto the
beach during terrace formation, thereby providing an age
for the 17-m shoreline.

Similar to the Kvichak moraine in the Iliamna Lake
valley, the outer moraine at Naknek Lake is graded to an
outwash plain comprising gravel that overlies organic mat-
ter with a 14C age of 26,570+20 yr B.P. (table 3, site 5;
Mann and Peteet, 1994). This provides a maximum limit-
ing age on the three Naknek Lake terraces. Both the 30-
and 15-m terraces are notched into and are therefore younger
than the deposition of the type moraine of the late-glacial
Iliuk stade of the Brooks Lake glaciation, which is older
than the eruption of Lethe tephra at 12.6 ka (Pinney and
Begét, 1991a). Charcoal dated by 14C at 7,360+250 yr B.P.
(table 3, site 2; Dumond, 1981) provides a minimum
limiting age on the separation of Naknek and Brooks Lakes
and is the oldest age that constrains the lowering of the
lake below about 9 m above the present level of Naknek
Lake.

CONCLUSIONS

A 40-m terrace was found at two sites separated by 70
km southwest to northeast above Iliamna Lake, and ter-
races at 30 m were identified at two sites across 50 km
southeast to northwest at Naknek Lake. These terraces, and
lower ones at both lakes, appear to be horizontal or nearly
horizontal; they are not tilted by more than about 4 m in
the directions of and over the distances of our transects.
"The lack of significant tilting suggests either that glacio-

isostatic recovery was complete prior to the fall of the
lakes from their highest stand, or that the ice had only a
minor (differential) isostatic effect on the basins.

The 40-m terrace at Iliamna Lake probably dates to the
Newhalen stade of the Brooks Lake glaciation; the 30-m
terrace at Iliamna Lake is probably older than about 12.6
ka, and the 24-m terrace at the lake is older than 8.3 ka. At
Naknek Lake, the 30- and 15-m terraces were formed after
the late-glacial Iliuk stade of the Brooks Lake glaciation
and prior to 7.4 ka. Therefore, the terraces were formed
during the Pleistocene-Holocene transition, a period of ma-
jor global climate change coincident with rapidly rising
base level.

The most prominent terraces at both lakes—the 24-m
terrace at Iliamna Lake and the 15-m terrace at Naknek
Lake—lie about halfway between the highest terrace and
present-day lake levels. This might be a coincidence, but
their similarity in width and position in sequence might
also suggest that they are correlative. If so, then this corre-
lation indicates some regional climatic or tectonic control,
or a common eustatic sea-level effect, on lake level. To
construct the prominent terraces would seem to require an
extended interval during which (1) effective moisture (pre-
cipitation minus evaporation) was sufficiently high to fill
the basins to their thresholds, and (2) outlet altitudes re-
mained stable. We infer that these conditions were met
when lake water discharge was conveyed by a stable out-
flow channel unaffected by climatic, isostatic, or tectonic
readjustments. We expect that downcutting occurred either
during intervals of increased hydrologic budgets and con-
sequent outflow or during adjustments to tectonic or eustatic
perturbations. Apparently, conditions conducive to main-
taining the outlet altitudes at Iliamna and Naknek Lakes
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long enough to form the prominent intermediate terraces
took place sometime between about 8 and 13 ka.

Whether some shorelines were formed following a lake-
level rise in a closed basin, as suggested by Detterman and
Reed (1973) for the 18-m terrace at Iliamna Lake, is pres-
ently unclear. The sites that we studied did not yield strati-
graphic or geomorphic evidence to evaluate this alternative,
nor did we recognize cut-in-fill river terraces downstream
of the lake outlets that would support this possibility. We
suggest that the altitudes of past lake levels at Iliamna and
Naknek Lakes, like those of the present day, were domi-
nantly controlled by the history of outlet incisions.

Precise correlation of terraces between Iliamna and
Naknek Lakes is hampered by the differing numbers of
terraces at each lake. The presence of five terraces at Iliamna
Lake and three terraces at Naknek Lake suggests different
histories of episodic outflow incisions at the two lakes.
This interpretation is consistent with Riehle and Detterman’s
(1993) expectation that terrace levels at lakes along the
Alaska Peninsula should not correspond exactly owing to
regional differences in tectonism and local differences in
outlet stability.
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Geodetic Studies in the Novarupta Area, Katmai National Park,
Alaska, 1990 to 1995

By Jack W. Kleinman, Eugene Y. Iwatsubo, John A. Power, and Elliot T. Endo

ABSTRACT

A five-station electronic distance meter (EDM) net-
work centered around the Novarupta dome in Katmai Na-
tional Park, Alaska, was established in 1990 and resurveyed
in 1993 and 1995. Both EDM and Global Positioning Sys-
tem (GPS) measurements were made in 1993. The 1995
survey was restricted to the more accurate GPS surveying
method. Analysis of EDM data in 1993 suggested an aver-

Note.—Jack W. Kleinman (1961-1994),
a member of the geodesy group at
the Cascades Volcano Observatory,
Vancouver, Washington, died in a
kayaking accident on the White Salmon
River, Washington, on February 12,
1994. Jack started employment with the
U.S. Geological Survey in the summer
of 1985. In the spring of 1986, he began
his career in volcano studies by
participating in geodetic monitoring at
Mount St. Helens. In the following years
Jack worked on projects that took him
to Yellowstone National Park, Long
Valley, most of the Cascades volcanoes,
the South Pole, Stromboli, Italy, and
Alaska. Jack especially liked working in
Alaska. He helped establish the first
geodetic network near Novarupta,
Katmai National Park, Alaska, in 1989,
and served as crew chief for additional
surveys there in 1990 and 1993. The job
entailed long days of hard work in the
face of unforgiving weather, logistical
complexities, and a skin-tight budget. As
in his kayaking, Jack relished the
challenges of working in Alaska. For
Jack, the colder and wetter, the more he
liked field work. The physically de-
manding field work at Katmai National
Park and on Augustine Island was
perfect for Jack. He is missed by his
colleagues and friends.

age increase of 22.5 mm in slope distances between sta-
tions from 1990 to 1993. Those changes were about 2-3
times the expected error for lines of this length (1.5 to 4.7
km) and suggested that ground deformation was taking place
in the Novarupta area. Loss of data from one of five GPS
receivers in 1993 precluded complete comparison of GPS
data with EDM results. In July 1995, the network was oc-
cupied with five P-code GPS receivers. Two 12-15 hour
observations were made simultaneously at all five stations,
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which were located relative to a reference GPS station in
Fairbanks. For final L1-only solutions and EDM line lengths
between stations, one station was held fixed using these
new coordinates. The 1995 GPS results, when compared
with recomputed EDM line lengths for 1990 and 1993 and
available 1993 GPS line lengths, indicate that the Novarupta
site moved about 15-20 mm to the west and the Mainstreet
station moved a similar distance to the northwest during
the interval from 1990 to 1993. There is a suggestion that
the Mainstreet station also moved from 1993 to 1995. The
movement at both stations is thought to be a result of a
deformation source to the southeast outside the network or
associated with the stability of the sites. The movement is
not a result of volcano deformation centered at Novarupta.
To further evaluate ground deformation in the Katmai area,
extension of the network with GPS observations beyond
the immediate vicinity of Novarupta is recommended.

INTRODUCTION

Novarupta dome, located at the head of the Valley of
Ten Thousand Smokes in Katmai National Park, Alaska
(fig. 1), is the site of the largest volcanic eruption world-
wide this century. During the 1912 eruption, approximately

155° 15"

58° 20
.

58° 1§

A7 NOVARUPTA AREA

CONTOUR INTERVAL 500 FEET

Figure 1. The braced quadrilateral geodetic network in the
Novarupta area of the Valley of Ten Thousand Smokes.
Benchmark locations are indicated by triangles and abbreviated
names used in the text.

15 km3 of compositionally mingled magma (Hildreth, 1983)
erupted from the Novarupta vent area, which collapsed to
form a 2-km-wide depression. The summit of nearby Mt.
Katmai synchronously collapsed, presumably a result of a
complex connection with the venting magma system
(Hildreth, 1983, 1987). The eruptive sequence ended with
the extrusion of the Novarupta rhyolite dome within the
vent depression.

In conjunction with other geophysical studies initiated
under the Continental Scientific Drilling Program
(Eichelberger and Hildreth, 1986; Eichelberger and others,
1991), a geodetic network was established during 1989-90
to monitor ground deformation in the Novarupta area
(Kleinman and Iwatsubo, 1991). The geodetic network con-
sists of three stations from which measurements of slope
distance and zenith angle can be made to each of the other
stations. This technique was first used by the U.S. Geologi-
cal Survey (USGS) in 1965 at the volcanoes Kilauea and
Mauna Loa on the island of Hawaii. It was later used suc-
cessfully to monitor ground deformation at Mount St. Helens
both before and after the May 18, 1980, eruption (Lipman
and others, 1981). Similar networks have been established
at many of the other volcanoes in the Cascades Range to
provide baseline geodetic information (Chadwick and oth-
ers, 1985; Iwatsubo and others, 1988). A comparison of
measurements of a three-station Novarupta electronic dis-
tance meter (EDM) network in 1989 and 1990 revealed no
changes in slope distance larger than the expected mea-
surement error (Kleinman and Iwatsubo, 1991). In 1990,
part of the network was reestablished with more permanent
marks and two stations were added to form the geodetic
network resurveyed in 1993 and 1995.

The first opportunity to remeasure the network came
in 1993. Following the Redoubt eruptions in 1990, the USGS
Volcano Hazards Program began experimenting with Glo-
bal Positioning System (GPS) receivers acquired for the
purpose of monitoring geodetic networks on silicic volca-
noes. With the availability of GPS equipment, a decision
was made to occupy the Katmai network with both EDM
and GPS receivers. GPS surveying does not require
intervisibility between stations and thus could be accom-
plished in inclement weather. Dvorak and others (1994)
describe the GPS surveying technique that was first ap-
plied in Hawaii and subsequently used at Novarupta.

THE NOVARUPTA GEODETIC
NETWORK

The geodetic network in the Novarupta area consists
of one benchmark located on Novarupta (NOVA) and four
additional benchmarks located on surrounding topographic
highs (fig. 1). These four stations (Baked Mountain, BAKE;
Broken Mountain, BROK; Falling Mountain, FALL; and
Mainstreet, MAIN) formed a 2 km by 4 km braced quadri-
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lateral approximately centered around Novarupta. The Fall-
ing Mountain, Broken Mountain, and Mainstreet bench-
marks are fixed on 1.25-cm diameter copperweld rods driven
10.7 m into tephra at BROK and MAIN. The rod at FALL
was driven to a depth of 2.4 m (Kleinman and Iwatsubo,
1991) into tephra. The benchmark on Novarupta, stamped
1989 K-2, is fixed in a hole drilled into a large rhyolite
boulder and has a punch mark enclosed by a small rect-
angle for a centering target. The Baked Mountain bench-
mark is a brass disk approximately 7.6 cm in diameter
cemented in shale. The brass disk is stamped BAKED and
has a punch mark located about 2 cm from the center of the
disk that was used as a target for centering. Benchmarks at
other sites have small + marks enclosed by a triangle for
centering targets. Broken Mountain is stamped K-3,
Mainstreet K-4, and Falling Mountain K-5. An older bench-
mark at Falling Mountain, K-1, has been abandoned. Ow-
ing to the topography and the weight of surveying equipment
and batteries, all sites require helicopter support out of King
Salmon. Baked Mountain, Novarupta, and Falling Moun-
tain require short hikes from helicopter landing sites.

GEODETIC FIELD WORK AND DATA
ANALYSIS

EDM MEASUREMENTS AND CORRECTIONS

The 10 lines of the braced quadrilateral network at
Novarupta were measured in July 1990 and in June 1993.
A Wild DI-S EDM and a Wild T-2000 theodolite were
used for the 1990 survey. In 1993, a Geodimeter 6000
EDM and a Wild T-2 theodolite were used. Prism sets
mounted onto tripods and centered over permanent bench-
marks were used for both surveys. Both the Wild DI-$
EDM and the Geodimeter 6000 EDM automatically mea-
sure distance. Hundreds of measurements at several differ-
ent modulation frequencies are performed automatically by
the EDM instruments with the push of a button. A mean
distance and standard deviation is given for each set of
measurements to a reflector. In 1990, as many as eight
triangular clusters of three retro-reflectors were used be-
cause the DI-5 has a relatively weak laser source; vertical
clusters of three retro-reflectors were used in 1993. Retro-
reflectors used in 1993 could be tilted, but it is not known
if the any clusters were tilted. Vertical angles were mea-
sured with a theodelite from each EDM setup to reflector
sites. These vertical angles, along with instrument and re-
flector heights measured at each site, were used for conver-
sion of slope distances to mark-to-mark distances.
Mark-to-mark measured distances were corrected for atmo-
spheric refraction (temperature, pressure, and humidity).
The 1990 and 1993 EDM data were first reduced in 1993
with a hand calculator. The average change in line length
was +22.5 mm (where + represents extension).

To gauge the validity of these changes, it was neces-
sary to evaluate all likely sources of error in the measure-
ments. One error source is the EDM instrument itself.
Manufacturer specifications are 3 mm *2 parts per million
(ppm) for the Wild DI-5 used in 1990 and 5 mm %1 ppm
for the Geodimeter 6000 used in 1993. Because different
EDM’s and reflector sets were used for the two surveys,
we checked the equipment sets against each other on a 1-
km-long National Geodetic Survey calibration line. The
two EDM’s agreed with each other within manufacturer’s
specifications, but the two different types of reflector sets
differed by a constant factor of 0.0056 m. This difference
was accounted for in the 1993 analysis results that indi-
cated an average line-length change of 22.5 mm.

Atmospheric factors can cause line-length changes,
which introduces another potential source of error. Tem-
perature, pressure, and relative humidity were measured at
each endpoint so that the appropriate atmospheric correc-
tions could be applied to the line-length measurements.
Temperature corrections, the largest of the atmospheric cor-
rections, are about 1 ppm for every 1.0°C change in tem-
perature. Temperatures were measured 7.6 m above ground
level at the top of a telescoping survey rod to minimize the
effect of ground radiation.

“Errors can also be introduced by instrument or reflec-
tor setup inaccuracies. Tribrach circular level bubbles and
optical plummets can be out of true or height measure-
ments can be made incorrectly. We attempted to minimize
these potential sources of error by calibrating optical plum-
met tribrachs and by making redundant height measure-

- ments. High winds can also introduce error. The highest

winds were encountered in 1990 while measuring the line
from Baked Mountain to Novarupta, which shortened by
15 mm from 1990 to 1993. Benchmark instabilities as a
result of slope creep or unstable rock are also possible
sources of error.

To ensure consistently analyzed mark-to-mark slope
distances, 1990 and 1993 EDM measurements were re-
duced in 1995 with a computer program written by Cas-
cades Volcano Observatory staff for routine reduction of
EDM data. The results of the analysis of EDM data are
shown in table 1, including baseline lengths and differ-
ences between the 1993 and 1990 EDM surveys. There is
no standard deviation record for EDM field measurements,
and errors indicated in the table 1 explanation are based on
manufacturers’ specifications.

GPS OBSERVATIONS AND ANALYSIS
OBSERVATIONS DURING 1993
The 1993 Alaska field season was the first opportunity

to utilize GPS receivers as a volcano deformation monitor-
ing tool in the Novarupta area at Katmai. Five Ashtech
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Table 1. Line lengths from repeated EDM measurements of the Novarupta geodetic network

in 1990 and 1993

[Manufacturer’s specification for the EDM used in the 1990 survey is 3 mm +2 ppm. Manufacturer’s
specification for the EDM used in 1993 is 5 mm +1ppm]

Distance-meters Changes
Line 1990 1993 1993-1990
BAKE-NOVA 2566.0758 2566.0611 -0.015
BROK-NOVA 2795.7467 2795.7548 +0.008
MAIN-NOVA 2197.3964 2197.3972 +0.001
FALL-NOVA 1497.4217 1497.4070 -0.015
FALL-BAKE 3105.6921 3105.6878 -0.004
FALL-BROK 4070.6871 4070.6866 -0.001
FALL-MAIN 2663.3693 2663.3660 -0.003
MAIN-BAKE 4700.0450 4700.0297 -0.015
MAIN-BROK 4356.1728 4356.1608 -0.012
BROK-BAKE 2151.1032 2151.1045 +0.001

Table 2. Line lengths from GPS measurements of the
Novarupta geodetic network in 1993

[Root-mean-square errors enclosed by parentheses. There were two
6-h observation sessions in 1993]

Distance

Station pair
P (meters)

BAKE-NOVA 2566.0555 (.009)
2566.0552 (.014)
BROK-NOVA 2795.7487 (.013)
2795.7534 (.015)
FALL-NOVA 1497.4040 (.006)
1497.4030 (.008)
FALL-BAKE 3105.6806 (.008)
3105.6809 (.013)
FALL-BROK 4070.6801 (.015)
4070.6783 (.012)
BROK-BAKE 2151.1062 (.008)

2151.1064 (.009)

dual-frequency receivers (no P-code capability) were de-
ployed shortly after the completion of the EDM survey.
Two 6-h observation sessions were made overnight. For
unknown reasons, the receiver at MAIN failed and all data
were lost. The loss of data from one receiver resulted in the
loss of data for 4 baselines out of the 10 in the network
around Novarupta. Using 1995 updated coordinates rela-
tive to Fairbanks, 1993 GPS data were processed using
Ashtech GPS Post-Processing System (GPPS™) software

and broadcast orbits (predicted satellite orbits). Precise or-
bits (computed from actual satellite orbits) from the same
source for orbits used in 1995 were not available for July
1993, and this lack of precise-orbit data was one reason for
using GPPS software. We saw no advantage in processing
1993 GPS data with geodetic-grade software. BAKE, BROK
and FALL were fixed to obtain all possible baselines dis-
tances. Root-mean-square (RMS) errors (Bevington, 1969)
for baseline-length solutions varied from 6 mm to 15 mm.
GPPS-determined baseline lengths are shown in table 2.
Seeber (1993) and Hofmann-Wellenhof and others (1992)

Figure 2. The Mainstreet GPS station located on the northwest
slope of Trident Mountain. The GPS receiver and battery are
located under a plastic tarpaulin weighted down by tephra filled
sample bags in the left foreground.



Table 3. World Geodetic System (WGS)-84 latitude, longitude, height, and X, Y, and Z coordinates from repeated GPS observations

[Root-mean-square errors for X, Y, and Z coordinates are enclosed by parentheses. There were three 12-h solutions for BAKE and MAIN,and two 12-h solutions for BROK, FALL, and NOVA]

Height
(meters)
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NOVA

present thorough discussions of the GPS surveying tech-
nique and data analysis.

OBSERVATIONS DURING 1995

In late July 1995, five Trimble SSE receivers (dual-
frequency P-code receivers) were borrowed from the Ha-
waiian Volcano Observatory to occupy the Novarupta
network. On July 22, receivers were set up at MAIN (fig.
2) and at BAKE. Receivers were programmed to record for
16-h (30-s epochs) during the best NAVSTAR (NA Vigation
Satellite Time And Ranging) satellite configuration for the
day. On July 23, additional receivers were installed at
BROK, FALL, and NOVA. The receiver at NOVA was
programmed to record for two 12-h sessions because of a
battery limitation. The goal of the survey was to obtain at
least two simultaneous 12-16 h observations for all sta-
tions. These long observations, although not required for
short-baseline GPS surveys, were used to establish precise
locations for each station relative to known GPS sites in
Kodiak and Fairbanks. On July 24, all five GPS receivers
were retrieved without incident.

The 1995 Novarupta GPS data were processed with
Bernese (version 3.5) geodetic-grade software (Rothacher
and others, 1993). Precise orbits and pole data were ob-
tained from CODE (Center for Orbit Determination Eu-
rope). All five Novarupta stations were first located relative
to Fairbanks and Kodiak using L1 frequency and L2 fre-
quency observations (table 3). ITRF93 (International Ter-
restrial Reference Frame) coordinates corrected for
continental plate velocity were used for Fairbanks and
Kodiak. These Bernese-determined locations for the
Novarupta network were used as a priori station coordi-
nates (initial locations required for data processing) for 1993
GPS data processing with GPPS. For final baseline calcu-
lations, BAKE was held fixed and data were processed for
L1-only relative-coordinate solutions for BROK, FALL,
MAIN, NOVA, and all baseline lengths. RMS errors for
relative-coordinate solutions were 0.1-0.3 mm.
Repeatabilities and scatter as defined by Dixon (1991) for
observations are shown in figure 3. Computed baseline
lengths and RMS errors are shown in table 4.

RESULTS

To determine if ground deformation had taken place in
the Novarupta area from 1990 to 1995, we compared
baseline lengths from the 1990 and 1993 EDM surveys
with GPS-measured baselines in 1993 and 1995. As a check
on consistency of the two surveying methods, we also com-
pared 1993 GPS line lengths with 1993 EDM line lengths.
All line-length data were placed in a spreadsheet to facili-
tate comparison of data and then plotted on geodetic-net-
work diagrams.
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Table 4. Line lengths from GPS measurements of the Novarupta geodetic network

in 1995

[Root-mean-square errors enclosed by parentheses]

Station pair Distance Distance
(meters) (meters)
BAKE-NOVA 2566.0545 (.0001) 2566.0544 (.0001)
BROK-NOVA 2795.7595 (.0002) 2795.7614 (.0002)
MAIN-NOVA 2197.3976 (.0001) 2197.3962 (.0001)
FALL-NOVA 1497.3951 (.0002) 1497.3966 (.0002)
FALL-BAKE 3105.6773 (.0001) 3105.6787 (.0001)
FALL-BROK 4070.6784 (.0002) 4070.6821 (.0002)
FALL-MAIN 2663.3618 (.0001) 2663.3609 (.0001)
MAIN-BAKE 4700.0227 (.0001) 4700.0210 (.0001)
MAIN-BROK 4356.1407 (.0001) 4356.1409 (.0001)
BROK-BAKE 2151.1101 (.0001) 2151.1113 (.0001)

Calculated line-length differences between the 1993
GPS (six baselines) and the 1993 EDM survey varied from
2 to 7 mm (fig. 4). The differences between the 1993 EDM
and 1993 GPS surveys may be a result of unknown phase
eccentricities of the Ashtech GPS antenna.

We have no way to evaluate GPS setup errors because
there were no repeat surveys in 1993 and 1995. As part of
the preparation effort for the 1995 field season, all optical
tribrachs used for the Novarupta GPS survey were cali-
brated by a Wild service center. Kern self-centering tripods
were used in 1990. We assume that antenna slant heights
were measured correctly and baseline length errors that
result from setup are comparable to the 5-mm-or-less er-
rors encountered by other investigators (Larson, 1990) for
repeat GPS surveys.

The 1993 GPS line-length differences relative to 1990
EDM line lengths for the six baselines measured by both
techniques are similar to 1993 EDM and 1990 EDM line-
length differences. No similar comparison could be made
for four baselines from MAIN because of the loss of data.
Line-length differences from NOVA to FALL and from
NOVA to BAKE for 1993 and 1990 EDM measurements
(fig. 5A) are nearly identical to line-length differences for
1993 GPS data and 1990 EDM data (fig. SB). These data
suggest that NOVA moved about 15-20 mm to the west or
northwest during the interval between 1990 and 1993. Al-
though length differences obtained by EDM surveys of lines
from the MAIN station are close to the error limits for this
surveying technique, the data suggest that MAIN may also
have moved 15-20 mm to the northwest. Data also indicate

that MAIN continued to move from 1993 through 1995
(fig. 6). The 1995 GPS line lengths relative to 1990 EDM
line lengths show displacement similar to that suggested
for NOVA during the 1990 to 1993 interval (fig. 7).

1993GPS - 1993EDM BROK

+.002 m

BAKE

NOVA \
-007 m ~ |
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Figure 4. Novarupta line-length differences for 1993 GPS and
1993 EDM surveys.



90 GEOLOGIC STUDIES IN ALASKA BY THE U.S. GEOLOGICAL SURVEY, 1995
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Figure S. A, Novarupta line-length differences for 1993 EDM and 1990 EDM surveys. B, Novarupta line-length differences for
1993 GPS and 1990 EDM surveys
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1995GPS - 1990EDM
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Figure 6. Novarupta line-length differences for 1995 GPS and  Figure 7. Novarupta line-length differences for 1995 GPS and
1993 EDM surveys. 1990 EDM surveys.
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DISCUSSION

It is not possible to definitively assess the magnitude
of possible systematic errors in the Novarupta EDM sur-
veys or the errors associated in comparing results from two
surveying techniques and the use of different instruments.
We tried to minimize such errors, and all appropriate cor-
rections were applied to reduce any residual errors. Never-
theless, the lack of redundancy in the early measurements
raises the possibility of larger-than-expected systematic
errors.

Another approach to error assessment for the Novarupta
EDM surveys is to compare them with similar repeated
trilateration and distance-measurement networks elsewhere.
An analysis of such surveys at 12 volcanoes in the Cas-
cades Range indicated that repeatability was 2.46 mm +2.26
ppm (Iwatsubo and Swanson, 1992). For the analysis, it
was assumed that no real changes occurred at any of the
volcanoes during the periods between surveys. For EDM
surveys at Mount St. Helens during 1980, a period that
included real ground displacements associated with erup-
tive activity, accuracies are believed to be £10 mm over 2—
4 km-long lines (Lipman and others, 1981). These line
lengths are similar to those in the Novarupta network. By
comparison with these earlier results, the 1- to 15-mm av-
erage line-length change in the Novarupta network from
1990 to 1993 is close to the probable total error in the
measurements.

Unlike continuous GPS measurements of the type be-
ing made in California along the Hayward fault (King and
others, 1995), errors associated with repeated GPS mea-
surements like that at Novarupta in 1995 are difficult to
assess because of few observations. For continuous mea-
surements, a few parts per million RMS scatter in baseline
length was observed for single-frequency measurements.
The accuracy of results of the 1995 GPS survey near
Novarupta cannot be any better than that achieved for con-
tinuous monitoring. We have to assume that satellite-signal
multipath errors and random setup errors are possible
sources of error for any GPS survey of the type done in
1993 and 1995. The 1995 GPS results are only slightly
better than the EDM surveys of 1990 and 1993, and changes
of less than 10 mm are probably due to some observation
€rTor.

The possibility that a nearby shallow magma body ex-
ists south of the Novarupta area has been suggested by
Ward and others (1991) on the basis of P-wave travel-time
residuals and a negative Bouguer gravity anomaly. In late
1992—early 1993 increased seismic activity was observed
(Peter Ward, USGS, oral commun., 1993) in the area south-
west of Baked Mountain (slightly west of the geodetic net-
work). The relatively small geodetic network in this study
does not well constrain the location of a hypothetical magma
body. Expanding the size of the geodetic network to in-

clude the epicenters of seismic activity would be helpful in
ascertaining the aerial extent of crustal deformation. The
Novarupta network was tied to a regional GPS network in
1995, but the GPS network (Lisowski and others, 1993) is
too regional in scope to help constrain a localized area of
crustal deformation. To further evaluate ground deforma-
tion in the Katmai area, extension of the network with GPS
observations beyond the immediate vicinity of Novarupta
is recommended.

While the geodetic work in 1990, 1993, and 1995 did
not result in evidence for volcano-related ground deforma-
tion centered at Novarupta, we now have a network that is
tied into a worldwide coordinate system and locations for
five stations that are accurate enough for future differential
(real-time kinematic) GPS surveying for mapping or grid-
type geophysical exploration in the Valley of Ten Thou-
sand Smokes.
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