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Geologic Studies in Alaska
by the U.S. Geological Survey, 19951
By Julie A. Dumoulin and John E. Gray
INTRODUCTION

This collection of 20 papers continues the annual series of U.S. Geological Survey (USGS) reports on geologic investigations in Alaska1 . Contributions 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 discuss 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, southwestern, and southeastern Alaska and coal in south-central Alaska, are discussed in four articles. Nine geologic framework studies apply a variety of
techniques to a wide range of subjects throughout Alaska, including tectonics, geophysics, geochronology, bio stratigraphy, sedimentology, paleogeography, 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 authors 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 Geological Survey in Alaska: Accomplishments during 19_."
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Figure 1. Index map of Alaska showing l:250,000-scale quadrangles and locations of study areas discussed in this bulletin.
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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, Alien L. Meier, William M. d'Angelo, and
Richard M. O'Leary

ABSTRACT

INTRODUCTION

Surface waters were sampled above and below both
abandoned and active mine workings associated with lowsulfide, 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 tailings 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 dumping them in the adjacent forest. Effluent collected downstream 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 background concentrations. Because of the acidity of water
draining the mill-waste pile near the Mexican mine, dissolved-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 dissolved iron at the same site was only 490 ppb. Within the
Fairbanks district, maximum dissolved-arsenic levels of 260270 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 abundant stibnite occurs in the gold veins, waters associated
with mine workings contained as much as 510 ppb Sb.

Low-sulfide, gold-quartz veins are common throughout 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 abandoned mine lands and for helping land planners better predict potential adverse effects of acid mine drainage and
toxic metal contaminants that may result from future mining in Alaska. Additionally, identification of baseline levels of many elements are important in establishing
reasonable standards for restoration of disturbed areas.
Hydrogeochemical studies were conducted in a number of Alaska's most economically significant past gold
districts the Willow Creek district, the Fairbanks district,
and the Juneau gold belt (fig. IA). Water samples were
collected from adits and below waste piles at the Independence, Gold Cord, and High Grade mines in the Willow
Creek district (fig. IB). 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 collected waters from the two largest lode gold deposits in
Alaska (fig. ID). 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-Jurieau 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 addition to our collected data, we evaluated available hydrogeochemical information from private company reports for
a few gold properties (Fort Knox and Alaska-Juneau) presently under development in Alaska.
The mineralogy of the deposits plays a major role in
determining the chemical character of associated mine drainage (Smith and others, 1994). Low-sulfide, gold-quartz veins
generally contain no more than a few percent sulfide minerals 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 district and at the Treadwell deposit, pyrite is the dominant
sulfide phase. At the Alaska-Juneau deposit, where veins
lie along metagabbro-phyllite contacts, pyrrhotite, sphalerite, and galena are the dominant sulfide phases. In the schistdominant 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 temperature, 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, following filtration through 0.45-jim 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-|im membrane for dissolved-mercury concentration. Both
of these samples were acidified with nitric acid and potassium dichromate. Because mercury levels in natural waters
are extremely low and would certainly be at concentrations
below analytical determination limits, we restricted this sampling to localities downstream from mine workings.
Major, minor, and trace element contents of the acidified 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 coldvapor atomic absorption spectrophotometry using a technique 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. 2A), 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 environmental 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 representative of natural background conditions in areas undisturbed
by mining. Values for pH at these sites are slightly alkaline, varying between about 7.2 and 7.8 (table 1). Mea-
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Table 1. Field measurements and site descriptions 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
site

pH

Temp.
(°C)

Conductivity
(uS/cm)

1
2
3
4
5
6
7
8
9
10

6.94
7.79
7.78
7.28
7.48
8.68
7.45
7.54
7.72
7.71

4
2
4
4
7
7
4
6
6
7

127
249
69
166
80
82
66
51
119
135

11
12
13
14
15
16
17
18
19
20
21
22
23
24

7.66
6.73
7.50
7.85
7.49
5.18
7.65
7.49
7.14
6.27
7.60
7.28
8.09
7.23

6
8
9
11
6
9
8
10
9
13
3
5
6
4

173
172
149
210
133
339
175
170
182
38
324
383
532
141

25
26
27
28
29

7.65
7.22
2.89
8.03
8.04

9
11
11
7
6

60
56
2350
384
897

Alkalinity
Site Description
(mg/L as CaCOs)
Willow Creek district
34
Below Independence mine-tailings pile
75
Flow from Independence mine portal
21
Background stream, north side of portal, Independence mine
48
Below Gold Cord mine-tailings pile
26
Upstream from Gold Cord mine
27
Flow from High Grade mine portal
21
Below High Grade mine-tailings pile
Stream in valley to the east
19.5
37
Main stream 40 m below Independence tailings
38
Main stream 1.5 km south of Independence mine
Fairbanks district
75
Too-Much-Gold (TMG) Creek above trenches
43
Fe-stained seep in placer tailings, TMG Creek
50
TMG Creek flowing through placer tailings
85
Fairbanks Creek in tailings piles
60
Moose Creek 150 m upstream of Hi-Yu mill
<10
Moose Creek in Hi-Yu mill tailings
46
Branch of Moose Creek, west side of tailings
39
Branch of Moose Creek, immediately below tailings
42
Moose Creek above junction with Fairbanks Creek
<10
Holding pond at Christina mine
105
Drainage from Christina mine adit
155
deary Creek in placer tailings
250
Flow below Scrafford mine tailings
50
Creek above Scrafford mine workings
Juneau gold belt
22
Waterfall before entering Treadwell pit
17
Treadwell pit
<10
Below Mexican mine mill tailings
170
Ebner mine portal
160
Gold Creek tunnel draining Alaska- Juneau mine

sured alkalinities at the background sites ranged between
about 20 to 26 mg/L as CaCO3 for the Willow Creek district and the Juneau gold belt, and between about 50 to 75
mg/L as CaCO3 for the Fairbanks district. Because calculated alkalinities approximate measured values at most sites
(table 4), carbonate alkalinity from the dissolution of carbonate minerals is clearly dominant. Most sampled surface
waters are dilute, calcium bicarbonate-type waters. In addition 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
u,S/cm for waters in the Juneau gold belt and Willow Creek
district, and from about 133 to 173 |iS/cm in the Fairbanks
district (table 1). Calcium is consistently the dominant cation 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 terrain of the Fairbanks region. Background levels for dissolved minor and trace elements in all districts studied are
generally below analytical determination limits and are estimated 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 drainage where total concentration of a species is significantly
greater than dissolved concentration, the data for the unfiltered 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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face waters (Hem, 1992). For example, the acidified, filtered sample collected above any known workings on TooMuch-Gold Creek contained 260 ppb As and 23 ppb Sb
(site 11). These elevated concentrations suggest the presence of sulfide-bearing rocks and undiscovered low-sulfide, 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 University 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), 1030 ppb in many streams in the district (Wilson, 1975; Ray
and others, 1992), and only a few parts per billion in surface 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 NO3" 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 occurrences. One possibility is that the anomalies may result
from a local, natural occurrence of colloidal ferric, aluminum, and manganese oxides that adsorbed many trace metals 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 lowsulfide mineral content of these ores, in combination with
the presence of carbonate minerals that buffer water acidity, 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
site
1

Ca
Mg
(ppm) (ppm)

2
3*
4
5*
6
7
8*
9
10

14
25
9.7
20
10
12
9.3
6.7
13
14

6.2
9.6
0.98
5.0
0.99
0.63
0.49
0.80
2.9
3.4

11*
12
13
14
15*
16
17
18
19
20
21
22
23
24*

22
19
20
29
21
31
22
20
23
3.1
49
57
74
19

3.4
5.3
3.7
7.0
3.3
13
5.4
5.0
5.6
0.70
9.4
14
30
6.5

25*
26
27
28
29

11
9.6
93
34
120

0.59
0.72
20
11
37

Na
(ppm)

K

Fe

Al

460
600
280
460
290
330
270
240
330
380

<40
<40
<40
<40
<40
<40
<40
<40
<40
<40

<10
<10
10
<10
<10
<10
<10
<10
<10
<10

1.3
560
1.5
540
450
1.3
1.5
750
1.2
470
2.4
890
1.6
580
2.0
550
1.7
860
0.33 1000
1.5
600
2.9 2200
2.8 1900
1.0
580

<40
490
40
<40
<40
340
120
180
<40
<40
130
90
<40
500

<10
<10
<10
<10
<10
190
20
<10
<10
10
<10
10
<10
120

70
140
330,000
200
40

20
40
7500
<10
<10

3.6
>8.0
0.95
1.6
0.93
1.3
0.94
0.78
2.7
2.3

1.2
1.3
6.4
>8.0
6.2

260
280
1700
1400
3600

Mn

Co

Ni

Willow Creek district
0.6
<0.1
0.6
0.4
0.1
1.0
<0.1 <0.5
0.3
<0.3
0.1
1.0
<0.3
<0.1
0.5
<0.3
<0.1
0.6
<0.3
<0.1
0.6
0.9
<0.1 <0.5
1.9
<0.1 <0.5
0.4
<0.1
0.8
Fairbanks district
<0.3
<0.1
1.0
200
10
4.2
8.5
0.2
2.0
22
0.2
2.2
0.5
<0.1
1.0
860
1.3 100
170
0.5
20
240
0.6
2.2
24
<0.1
6.7
23
0.3
2.7
1.5
12
280
0.2
5.5
8.3
1.7
0.2
3.7
31
0.6
2.9
Juneau gold belt
<0.1
0.5
0.5
7.6
<0.1
1.0
1800
160
120
1.3
0.3
3.4
0.4
10
0.8

measured pH values for waters draining gold-mine workings 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 immediately east of the portal to the Independence mine had a pH
of 6.9 (site 1). Oxidation of the 2-3 percent sulfide minerals, 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 waters 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

Cu

<2
<2
<2
<2
<2
<2
<2
<2
<2
<2

Pb

Zn

Cd

As

Sb

Hg

<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6

<2
3
<2
<2
<2
<2
<2
<2
<2
<2

2
2
2
2
2
2
2
2
2
2

3
37
2
3
<2
5
4
<2
9
12

2.3
3.9
0.4
3.2
0.6
1.6
1.0
0.3
1.2
0.9

<0.1
<0.1

<2
<2
<2
<2
<2
9.7
2
<2
<2
<2
<2
5
<2
4

<0.6
<0.6
<0.6
<0.6
<0.6
4.8
0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6

<2
62
2
<2
5.9
2000
360
16
110
29
1500
2
<2
<2

<2
<2
380
2
<2

<0.6
<0.6
21
<0.6
<0.6

2
3
2500
6
44

2 260 23
2 140 15
2 100 21
2 44 20
2 24
2.6
20
80 14
4.6
62
8.8
2 49 18
2 38
8.3
2 270 510
3 84 200
2 14 22
2 92 200
2
5
4.8
2
2
32
1
2

<2
<2
<2
7
2

0.3
0.3
<0.2
10
1.0

flows. Alkaline pH values of 8.7 for water within the portal
of the High Grade mine (site 6) indicate buffering by carbonate 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 measured (pH of 2.9) was for a bright-red, 1-m-wide stream
flowing below mill tailings produced during the early 1900's
(fig. 2Q at the abandoned Mexican mine on Douglas Island (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 minerals 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

<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
0.11
0.10
<0.1
<0.1
<0.1
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Table 3. Concentrations of total cations in unflltered 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
site

Mg
K
Ca
Na
(ppm) (ppm) (ppm)

Fe

Al

410
610
230
470
290
310
260
260
320
370

60
280
<40
3700
160
320
<40
<40
90
<40

20
56
<10
1100
88
130
<10
<10
30
10

10
1.7
0.33
1.4
3.0
19
1.1

560
580
460
740
500
920
560
550
860
1100
600
2200
2000
840

240
31000
340
1900
220
470
580
3200
160
700
3800
2200
40
770

120
140
96
640
94
190
61
49
10
260
220
630
<10
140

0.66 1.2
0.75 1.2
23
7.5
13
>8.0
43
7.0

290
270
2000
1700
4200

170
210
360,000
130
40

43
49
>8000
20
<10

1
2
3*
4
5*
6
7
8*
9
10

12
23
8.8
18
9.9
11
8.8
7.2
12
14

5.8
9.1
0.97
5.2
1.0
0.62
0.51
0.93
2.9
3.3

19
7.1
0.78

11*
12
13
14
15*
16
17
18
19
20
21
22
23
24*

22
20
20
28
21
31
22
20
24
3.0
48
57
74
20

3.5
5.8
3.8
7.2
3.4
13
5.5
5.2
5.8
0.78
9.4
14
31
7.0

1.3
1.6
1.3
1.4
1.2
14

25*
26
27
28
29

12
10
110
42
140

15
0.87
1.2
0.88
0.80
2.5
11

15

Mn

Co

Ni

Cu

Willow Creek district
0.6
\2
0.1
4.3
02
10
<0.5
<0.3 <0.1
10
57
10
0.6
16
02
0.1
0.6
5.0
<0.3 <0.1 <0.5
<0.3 <0.1
0.7
3.4 <0.1
0.6
0.8
0.6 <0.1
Fairbanks district
12
02
1.0
12
62
800
10
14
03
12
3.7
70
6.8
02
10
13
99
860
180
0.6
18
470
13
3.1
6.8
02
30
3.1
0.5
35
9.8
22
1600
22
1.0
7.0
12
0.4
4.0
0.7
16
38
Juneau gold belt
02
0.8
17
0.1
1.0
8.0
170
140
2000
1.7
5.1
03
0.9
12
05

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 goldbearing quartz veins, and arsenic is a toxic metalloid that
could potentially have a significant environmental impact
during mining (Goldfarb and others, 1995). Arsenic concentrations are slightly elevated in mine drainage from studied 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 draining the orebody did not exceed 7 ppb (site 28). Arsenopyrite 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

Pb

Zn

Cd

<2
2
<2
10
<2
<2
<2
<2
<2
<2

<0.6
0.9
<0.6
5.8
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6

<2
<2
<2
2
<2
10
3
<2
<2
4
5
10
<2
4

<0.6
5.0
11 170
4.0
1.0
5.3
6.9
0.8
6.4
63 1900
3.8 380
13
28
<0.6 110
5.7
36
31 2200
10
5.6
<0.6 <2
<0.6
4.0

2
3.2
2
2
2
21
5.2
2
2
2
5.3
2
2
2

<2
<2
430
<2
<2

<0.6 <2
2.0
<0.6
18 2600
<0.6
5.3
<0.6
45

2
2
27
1
2

<2
5.1
<2
11
<2
3.0
<2
<2
<2
<2

1
2
2
1
2
2
2
2
1
2

As

Sb

Hg

3
39
<2
80
2
7.7
2
<2
9.5
10

13
3.9
0.5
4.8
0.7
1.7
0.8
0.4
1.1
0.9

0.27
<0.1
0.24
<0.1
<0.1
<0.1

290
8900
140
110
30
120
150
410
44
320
810
24

<0.1
<0.1
<0.1

7.9

20
25
21
23
16
14
11
28
7.6
480
250
22
210
4.9

<2
<2
4
7.8
3

0.4
02
0.4
1.7
0.9

<0.1
<0.1

89

downstream from the mine contained 12 ppb As (site 10).
Therefore, dissolved-arsenic concentrations of mine-drainage water in both of these major districts are below the
State of Alaska MCL (maximum contaminant level) standard of 50 ppb (table 5).
Our unflltered water sample collected below the tailings of the Gold Cord mine in the Willow Creek district
(site 4) contained 80 ppb As (table 3), whereas the dissolved-arsenic concentration at this site was only 3 ppb
(table 2). Relative to other waters from the district, the
unflltered water at site 4 also contained high levels of aluminum (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 elements. This element suite is consistent with trace metals
and especially arsenic being sorbed onto suspended hydrous ferric and aluminum oxide particles in waters emanating from the Gold Cord tailings pile. K.S. Smith and
others (1992) noted that arsenic is strongly sorbed to ironrich suspended matter in mine-drainage water at near-neutral pH conditions.

0.58
<0.1
<0.1
<0.1
<0.1
<fl.l
<0.1

<0.1
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Table 4. Concentrations of dissolved anions in waters draining and (or) near major lowsulfide, 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
CaCO3 ; * is background site]

Sample
site
1
2
3*
4
5*
6
7
8*
9
10
11*
12
13
14
15*
16
17
18
19
20
21
22
23
24*
25*
26
27
28
29

F-

NO 3~

cr

SO42'

<0.05
0.11
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
0.08
0.15
0.08
0.10
0.07
0.17
0.09
0.10
0.10
<0.05
0.16
0.07
0.14
0.07
<0.05
<0.05
0.33
0.33
<0.05

0.92
0.56
<0.50
0.55
0.62
0.64
0.65
<0.50
<0.50
<0.50
<0.50
<0.50
<0.50
<0.50
2.1
0.60
1.3
<0.50
<0.50
<0.50
<0.50
2.9
1.7
2.9
<0.50
<0.50
<0.50
2.7
<0.50

0.12
0.27
0.27
0.12
0.13
0.17
0.17
<0.10
0.18
0.16
0.24
0.13
0.20
0.18
0.19
0.18
0.19
0.22
0.28
0.17
0.29
0.29
0.19
0.18
0.44
0.68
2.2
2.1
0.53

32
38
6.6
18
7.7
6.3
6.2
2.3
14
14
10
24
20
28
11
150
40
39
43
9.6
72
77
91
20
4.9
4.8
1130
48
349

Measured
alkalinity ^
34
75
21
48
26
27
21
19.5
37
38
75
43
50
85
60
<10
46
39
42
<10
105
155
250
50
22
17
<10
170
160

Calculated
alkalinity 2
35
63
24
50
25
30
23
17
33
35
55
48
50
73
53
78
55
50
58
8
123
143
185
48
28
24
233
85
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 Juneau and Willow Creek areas, waters in the Fairbanks region contain arsenic at concentrations that are of potential
environmental concern. Even natural background levels in
the Fairbanks district, as described above, commonly exceeded the 50 ppb State of Alaska MCL standard; hence, it
is not possible to specifically attribute high-dissolved-arsenic 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, however, 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 exhibited an increase in arsenic concentration from 5 ppb above
tailings (site 24) to 92 ppb below tailings (site 23). Similarly, the dissolved arsenic in waters of Moose Creek increased 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

Antimony
Arsenic
Cadmium
Chromium
Copper
Iron
Lead
Mercury
Nickel
Sulfate
Zinc

U.S. Evironmental
Protection Agency's
CMC 1

360
3.9
.
18
~
82
2.4
120

State of Alaska's MCL^

6
50
5
100
1,000
300

Safe water quality criteria
for wildlife-*

-410-51,000
410-589,000
1,015-2,640

2
100
250,000
5,000

490-506,000

1 Criteria 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 CaCO3 .
^Maximum contaminant level (MCL) is the State of Alaska's maximum allowable concentration for public
drinking water (Alaska Department of Environmental Conservation, 1994).
^Data 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). Although this concentration exceeds the State of Alaska MCL
standard for arsenic, it is lower than the 260 ppb As concentration of the background water collected from TooMuch-Gold Creek, less than 2 km west of Moose Creek
(site 11).
Although placer-tailings piles may contain concentrations of arsenopyrite and scorodite, dissolved-arsenic concentrations in waters collected downstream from placer
mines in the Fairbanks district are similar to those at background sites. Near the center of a heavily placer-mined
stretch of Cleary Creek (site 22), measured dissolved-arsenic 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 period 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 filtered through 0.45-um 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-|im range) that passed through the filter.
At many locations, total arsenic concentrations are not
significantly greater than those for dissolved arsenic in corresponding samples. Total arsenic concentrations for waters 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-arsenic values for samples collected below placer operations
on Fairbanks Creek.
Total-arsenic concentrations for some of the mine waters in the Fairbanks area are extremely high relative to
dissolved concentrations. Measured values for total arsenic
are nearly an order of magnitude greater than dissolvedarsenic values for waters immediately below the Hi-Yu
mill tailings (site 18) and in waters flowing from the Christina 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) reported total-arsenic loads of about 12,000-17,000 ppb during 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 Asbearing 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 between total arsenic in waters and colloidal or suspended
iron-rich particles. Arsenic- and iron-bearing sulfide minerals are virtually absent in the Fort Knox ore system, but
these water data indicate that unexposed sulfide-rich mineral occurrences exist somewhere near Fort Knox.

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 workings (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 generally 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 concentrations 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.

ANTIMONY

Mercury-bearing sulfide minerals are not common in
low-sulfide, gold-quartz veins, and problems due to mercury toxicity would not be associated with the weathering
of this type of mineral deposit. Historically, however, liquid 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). Because 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 additional 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 environmental 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 contained 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 dissolved- or total-mercury determinations, however, exceeded
the State of Alaska MCL standard of 2 ppb (table 5).

Antimony is often enriched in low-sulfide, gold-quartz
veins. Though not as common as arsenopyrite, antimonybearing 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. Antimonybearing minerals are common in the gold deposits of eastcentral 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 background 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 background in dissolved antimony characterize waters draining
the boulangerite- and jamesonite-bearing veins at the Chris-

MERCURY
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IRON

Iron is an important constituent in the study of the
hydrogeochemistry of mine waters because Fe-bearing sulfide phases (i.e., pyrite and arsenopyrite) are the most common 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; however, at many workings, total-iron concentrations were notably 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 contained 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 elevated total-iron levels. Water below the Gold Cord minetailings 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 relatively 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 exceed 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 magnitude 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 Mining, 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-
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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 groundwater 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-MuchGold 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 waters 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 draining workings at such vein deposits generally lack significant base-metal concentrations (fig. 3). For all samples
collected in the Willow Creek district (sites 1-10), measured 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-bearing sulfides, the filtered water samples contained a maximum 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 sphalerite. 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 anomalous levels of dissolved Ni, Cu, Pb, Mn, Fe, and Al. Cadmium 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 concentrations of 9.8 ppb total Co and 31 ppb total Pb in ironrich 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. However, 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) exceeded 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 concentration from the Fairbanks district was 10 ppm for waters 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 lowsulfide, 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 concentration 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 oxidation and dissolution of sulfide concentrate. Despite relatively 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 groundwater discharge volumes, or periodic influx of surfacewater runoff.

DISCUSSION
Mining and weathering of low-sulfide, gold-quartz vein
deposits typically result in more limited environmental contamination than does the mining of more sulfide-rich deposit types (duBray, 1995). Arsenic from oxidized ores
and mercury from processing procedures have characteristically been the trace elements of greatest concern. Thermodynamically 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) becomes bioavailable and migrates to the kidneys and other
vital organs, it poses a major cancer threat in humans
(Eisler, 1988; A.M. 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
(III) makes up a high percentage of the total arsenic dissolved in ground waters in the Fairbanks district. In contrast 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
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mercury health concern to humans and other living organisms.
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 sulfate; base metals at these sites are also at background levels. 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 transport 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 uncommon, 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 abandoned 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 dissolved load of 2,800-4,000 ppb As, 3,800-7,300 ppb Fe,
and 180 ppm sulfate (BHP Gold New Zealand, unpub. environmental impact assessment, 1988). An abandoned adit
in the Reefton district in older Paleozoic rocks on the western side of the same island had effluent with a pH measured 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 EPACMC 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 increase 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 resulting tailings were abandoned in waste piles. At the Hi-Yu
mine, ore was crushed to fine grain sizes before gold extraction. 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 concentrations. 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 tailings 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 measured in the district was near neutral (pH 6.9), and dissolved-ion concentrations draining all workings were below
the Alaska and EPA water-quality standards. Total concentrations 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. Formation 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 mining and milling of ore at the Mexican mine, sulfide minerals were likely concentrated. During the ensuing weathering
of the tailings, acidic waters of pH 2.9 were produced containing 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 SOj'.
The Fairbanks district is characterized by surface waters 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. Dissolved-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 compared 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 characteristics 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 predominantly 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 granodiorite stocks and dikes, resulting in the formation of goldbearing, pyrite-pyrrhotite-magnetite skarns. Strata-bound
copper deposits at Kennecott are within the lower part of
the Upper Triassic Chiti stone Limestone, near its disconformable contact with the underlying Nikolai Greenstone.
Water (stream, spring, pond) and solid (stream-sediment, 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 nearneutral pH values and contained low total dissolved metals.
Surface waters are generally buffered by surrounding carbonate 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 presence of pyrite, pyrrhotite, and associated sulfate salts in the
Nabesna area, and to the relative lack of iron-bearing sulfides at Kennecott.
The overall metal suite Ag-As-Au-Bi-Cd-Cu-Fe-MoPb-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 possibility of additional gold-skarn mineralization in these areas. 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 below the tailings, likely have an anthropogenic origin related to amalgamation processes.
The metal suite As-Cu-Hg characterizes sediments, concentrates, and rocks proximal to mining and milling areas
at Kennecott. Distal sediments and concentrates have a similar, but less intense, metal suite.
Water leaches of eight Nabesna mill tailings and minewaste samples had pH values below 3, high conductivities
(mean conductivity, 5,200 |O.S/cm), and very high concentrations 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 probably mitigate these effects.

INTRODUCTION
In 1994, an environmental geochemical study was undertaken 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. Various 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 I°x3°quadrangle, and
is surrounded by Wrangell-St. Elias National Park and Preserve (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 Mountain (about 1,860 m) immediately to the west. The Nabesna
and nearby Rambler mines are located on the eastern flank
of White Mountain (fig. 2A).
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The Kennecott mill and its associated copper deposits
are located south of Nabesna, in the central part of the
McCarthy I°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
145° 30'

145'

144

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
to Tok
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Wrangell-St. Elias
National Park and
Preserve Boundary
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61° 15'
Base from U.S. Geological Survey Gulkana (1959),
McCarthy (1960), Nabesna (1960), and Valdez (1960)
1:250,000-scale topographic maps.

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 massive 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 unconformably by andesitic and basaltic lavas of the Tertiary
to Quaternary Wrangell Lava (Lowe and others, 1982). The
intrusion of granodiorite into the carbonate sequence recrystallized some limestone and formed gold-bearing, ironsulfide-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, serpentine, and quartz (Wayland, 1943; Newberry, 1986). The
main gold ores were pyrite veins along crosscutting fractures 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 reports unquantified, but small, production of silver and copper. 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 development was accelerated (Hunt, 1996). By 1935, the operation 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 exploration and mining (Moffit, 1944). Sporadic exploration
and drilling continued at Nabesna into the 1980's. Presently, 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-thousand-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
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are mainly tholeiitic, have a high background copper content 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 Limestone. 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 Limestone 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 spectacularly high-grade copper ore, which locally exceeded 70 percent. MacKevett and others (1997) suggest that the
Kennecott deposits formed through the following sequence:
(1) copper-enriched Nikolai Greenstone was extruded during the Middle or Late Triassic; (2) carbonate sediments
(Chitistone Limestone) were deposited in a Late Triassic
marine embayment on the Nikolai Greenstone; (3) sabkhafacies 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 Limestone and the McCarthy, Nizina Mountain, and Root Glacier 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 copper used by Copper River Indians at the mouth of the Copper 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
Washington. Copper was stripped from carbonate ore (malachite and azurite) at the mill using a Kennecott-developed
ammonia leach process, and then it was shipped for further
143° 5'

refining. The mines ceased production in 1938 because of
low reserves, low copper prices, and labor problems
(MacKevett and others, 1997). Presently, much of the mill
area remains intact, and carbonate-rich mine-waste rock

143 £

142° 55'

62° 25'

nple Sites In This Area
Shown In Figure 25
../

62° 20' -

Base from U.S. Geological Survey Nabesna B-4 (1970)
and Nabesna B-5 (1960) topographic maps.

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.

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

FIELD AND LABORATORY METHODS

SAMPLE COLLECTION AND PREPARATION

Geochemical samples collected include water, streamsediment, heavy-mineral-concentrate, rock, mine waste, and
mill tailings. A brief description of sample collection, preparation, and analysis is provided here. A more detailed discussion, tables showing element determination limits for

All samples were collected during a 9-day period in
early August 1994. The principal sample medium was surface 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

Kc

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
Limestone (Late Triassic)--includes thin-bedded ("fctl ) and massive Cfcml) limestone units of Lowe and others (1982)
Nikolai Greenstone (Middle to Late Triassic)--subaerial amygdaloidal basalt flows. Includes units "fcn of Lowe and others
(1982) and "&Pb of Richter (1971)

Pm

Mankomen Group (Early Permian)-argillite and subordinate interbedded calcareous siltstone and grit

PIPt

Tetelna Volcanics (Permian and Pennsylvanian)--interbedded andesitic flows, lahars, tuffs, and volcaniclastic rocks
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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
from MacKevett (1970, 1972, 1974) and MacKevett and Smith (1972).
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lent in outcrop, alluvium, and colluvium. In such areas of
carbonate terrane, surface waters tend to disappear underground over relatively short distances. This feature, particularly common at Nabesna, was less significant at
Kennecott. (2) Samples were collected in late summer, well
after ice breakup, spring runoff, and early summer precipitation. (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 collected at each sample site include (1) a 125 mL, unacidified, unfiltered water sample, collected for anion analysis;
and (2) a 60 mL sample, filtered to 0.45 Jim and acidified
to less than pH 2.0 with ultrapure, concentrated nitric acid,
collected for trace and major cation analysis. The unacidified water samples were kept cool until they were analyzed. 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 collected. Stream-sediment samples consisted of composited
1-kg samples of active alluvium. In the laboratory, sediment samples were air dried, sieved to minus-200 mesh
(0.074 mm), and pulverized for chemical analysis.
Since elements related to mineral deposits are commonly found in heavy minerals, pan concentrates were collected 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 laboratory, panned concentrate samples were sieved to minus20 mesh (0.84 mm), gravity separated using bromoform
(specific gravity 2.89), and then separated with an electromagnet into magnetic, weakly magnetic, and nonmagnetic
fractions. The nonmagnetic heavy-mineral fraction, which
commonly contains ore-related minerals such as sulfide minerals, 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 peasized 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)

JTim

McCarthy Formation (Late Triassic and Early Jurassic?)--impure limestone, chert, shale, and minor siltstone. Includes
both upper member ( J "finiu) ancj |ower member ( J ^ ml ) of MacKevett (1970, 1972, 1974) and MacKevett and Smith
(1972)

"finz

Nizina Limestone (Late Triassic)--limestone with layered and nodular chert

fie
Chitistone Limestone (Late Triassic)--limestone, dolomite, and minor nodular chert. Local solution pits and caverns
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Nikolai Greenstone (Middle to Late Triassic)--subaerial amygdaloidal basalt flows
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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]
Index

Sample
site no.

Site description

Conductivity Dissolved O2 Alkalinity
uS/cm
ppm
ppm

Temp.
°C

PH

24
2
17
3
8
4
8
14
17
14

8.0
7.5
7.9
7.5
7.5
7.5
7.4
8.0
7.9
8.0

144
394
740
780
870
770
535
132
740
131

7.9
8.0
8.1
7.7

160
144
188
133

10
10
11

8.0
8.0

145
144

Estimated
flow rate

Nabesna
2

NAO 11

at bas« of Iwerraost Nabesna mill taiUngs; abundant

^^m^^^^^^^s^^^^mm^s^^^^^^^^ss^s
jSfSSSSSS^

4
5
6
7
8
9
10
11
12
13
Kennecott

NA009
NA012
NA013
NA014
NA015
NA019
NA020
NA021
NA013D
NA021D

Main stream south of Nabesna mine and mill site
Spring in muskeg
Stream at base of limestone cliff; iron-oxide-rich sediments
Spring in muskeg
Spring in muskeg
Spring along road heading to Rambler mine
Spring in muskeg
Stream; Skookum Creek, upstream from the Nabesna road
Site duplicate of NA013W1
Site duplicate of NA021W1

60
160
80
350
200
260
260
55
75
55

< 0.1 gal/min
stagnant
5 gal/min
2 gal/min
0.5 gal/min
0.5 gal/min
<0.1 gal/min
10 cfs
5 gal/min
10 cfs

10

70
70
80
60

50 gal/min
50 gal/min
20 cfs
8 cfs
15 cfs

9
10

55
70

3 gal/min
20 cfs

mill failings; white cakite crust around edge of rxmd

||||li^lii^i|i|iiii
9
10
11
...,,,.,J.l.

KE002
KE003
KE004
KE005
KE006
KE007
KE004D

Stream above small snowfield
Stream; Amazon Creek about 15 m above Root Glacier trail
Stream; Jumbo Creek about 15m above Root Glacier trail
Stream; Bonanza Creek about 7 m above Root Glacier trail
Stream; National Creek above Kennecott mill; slight light-colored
orange-yellow staining on alluvium
Spring in slightly brown-stained, amygdaloidal Nikolai Basalt
Site duplicate of KE004W1

X&SiR-tfxi^X'

S;W«f,p
ilanic

sMss

VA001W1 Blank sample, distilled water, unfiltered, unacidified

Six tailings samples from the Nabesna mill, a minewaste 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 modification of the EPA Synthetic Precipitation Leaching Procedure 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 geochemical analysis were collected by filtering and acidifying as
described above.

25

5.5

0.4

10

ANALYTICAL TECHNIQUES

All acidified water samples were analyzed by inductively 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 dilution (table 2). Major element and selected trace element
cations in waters were analyzed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES), following 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 analyzed by a 40-element, total digestion, ICP-AES method
(Briggs, 1990); and by a 10-element, partial extraction, ICPAES method (Motooka, 1996). Several specific elements
were determined using a variety of atomic absorption and

NABESNA GOLD SKARN AND KENNECOTT STRATA-BOUND COPPER DEPOSITS

27

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, semiquandtative emission spectrography; GF, graphite-furnace atomic absorption spectrophotometry;
HY, hydride generation atomic absorption spectrophotometry; 1C, ion chromatography; IE, ion exchange inductively coupled plasma-atomic
emission spectrometry; MS semiquandtative inductively coupled plasma-mass spectrometry; PA, inductively coupled plasma-atomic emission
spectrometry (partial extraction)]

Sample media
Water, acidified/filtered

Method: elements determined
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

1C:

Cr, F, NO3-, SO42'

Mill tailings leachates, 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, 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
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

AE:
Stream sediments and rocks

AE:

Ag, Al, As, Au, 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:
GF:
CV:
AA:
IE:

As, Sb, Se
Au
Hg
Tl
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, Ni, P, Pb, Pd, Pt, Sb, Sc, 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-mineral-concentrate samples were analyzed by semiquantitative
emission spectrography for 37 elements (Adrian and others, 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 NA011,
fig. 25), a flowing spring below the Rambler mine-waste
pile (NA016, fig. 2A), and a low-flowing spring in mineralized bedrock along the drill road above the Nabesna mill
area (NA008, fig. 2A). 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 NA011).
Conductivities in water from the eleven sites ranged from
131 (iS/cm to 1,310 (iS/cm (table 1), with the highest conductivities from two sites near the mines and mill: site
NA008 (1,310 ^iS/cm) and site NA016 (1,160 ^iS/cm). The
spring at the base of the Nabesna mill tailings (site NA011)
had a conductivity of 582 (0,S/cm. Conductivities from the
eight sites distal to the mines and mill ranged from 131 jiS/
cm to 870 |iS/cm, with five of the sites having conductivities of 535 |iS/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 concentrations 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

28

GEOLOGIC STUDIES IN ALASKA BY THE U.S. GEOLOGICAL SURVEY, 1995
' 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; 1C, ion chromatography;
average values are world averages for rivers from Livingstone (1963)]

cr
Field no.
Index
Average
Value:
Nabesna

4
5
6
7
8
9
10
11
12
13
Kennecott

NA009W1
NA012W1
NA013W1
NA014W1
NA015W1
NA019W1
NA020W1
NA021W1
NA013W1D
NA021W1D

ppm-IC
7.8

.42
.34
1.3
.86
.99
.67
.85
.21
1.3
.20

F
ppm-IC
--

.07
.08
.11
.21
.12
.28
.12
.07
.12
.07

NO3'

so42-

ppm-IC
1

ppm-IC
11

.56

3.1

24
36
331
110
268
110
21
16
348
16

;-Si*;S
|||!

iiiiiiiiiiSi

fliliilll|l|iiiilll
^^^^^^j^^^^^^^^^^^Ki^^^^^^^P^

.S:i%::^iS?Si...............

llllllKliilll
iiiili^iilllll
6
7
8
9
10
11
12
III
S:!*»:::5

::W::;:sW:::¥:W:y^^^^^^

KE002W1
KE003W1

.13
.11

<.05
<.05

KE004W1
KE005W1
KE006W1
KE007W1
KE004W1D

.20
.13
.13

<.05
<.05
.06
<.05

tailings contained the highest sulfate content (NA008W1,
615 ppm SOJ-; NA016W1, 412 ppm SO|-)- However, several 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 concentrations 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

.98
.84

12
14
6.3
7.8
6.0
15
6.8

JHL

Blank
VA001W1

<.5
<.5

<.05

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 Trom 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]

Index
Field no.
Average Value:
Nabesna

Cd
ppb-MS
1'sa

Al
Ca
ppm-AE ppm-AE
0.01-0.1'sa 13.3 b

Fe
ppm-AE
0.04 b

K
ppm-AE
1.5 b

Mg
ppm-AE
3.1 b

Na
ppm-AE
5.3 b

Si
ppm-AE
5b

As
ppb-MS
0.1-1'sa

B
ppb-AE
18b

Mn
ppb-MS
8.2 b

Mo
ppb-MS
0.1'sa

Ni
opb-MS
0.1-1'sa

Pb
ppb-MS
0.1-1'sa

Sb
ppb-MS
0.1-1'sa

Sr
ppb-MS
60 b

U
ppb-MS
0.1-1'sa

Zn
V
ppb-MS^ ppb-MS
1-10'sa
1's a

iSMi
: : **»:

ill
ill
II!

v&w&wmxtwxx#xttz

NA009W3
NA012W3
NA013W3
NA014W3
NA015W3
NA019W3
NA020W3
NA021W3
NA013W3D
NA021W3D

KE002W3
KE003W3
KE004W3
KE005W3
KE006W3
KE007W3
KE004W3D
Blank

VA001W3

Index
Field no.
Average Value:
Nabesna

Cu
ppb-MS
1-10'sa

I
ill

4
5
6
7
8
9
10
11
12
13
Kennecott

NA009W3
NA012W3
NA013W3
NA014W3
NA015W3
NA019W3
NA020W3
NA021W3
NA013W3D
NA021W3D

KE002W3
KE003W3
KE004W3
KE005W3
KE006W3
KE007W3
KE004W3D

11111

1
6.2
6.4
3.3
2
2.9
1
1

6.7
.6

.4
.50
1.0
2.7
1.3
.3
18
<.2
.99
<.2

.55
2.9
9.1
2.9
2.0
6.3
.3
.61
8.6
.90

.4
2.7
2.5
2.7
2.9
2.5
2.8
.3
2.9
<.2

.2

<.l
<.l

.1

<.l
<.l
<.l
<.l
<.l
<.l

11
"""'BSSraw

i<P
<I
.2
..3
<.2
<.2
.69
<.2
<.2
.3
<.2

IS!

60
96
250
150
210
110
100
49
240
48

mi.2

.7
3.2
5.9
2.3
8.9
1
1.4
2.9
1.5

titi .SB
,__,,
2.2
.4
<.4
<.4
<.4
<.4
<.4
2.5
<.4
2.5

<2
<2
<2
<2
4
<2
<2
<2
<2

Co
ppb-MS
0.1'sa
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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 (NA011W3, 140
ppb Mn, table 4). The sulfate secondary MCL was exceeded at two springs near the Nabesna and Rambler mines
(NA008W1, 615 ppm SOj'; NA016W1, 412 ppm SOj')
and at two sites distal to the mines and mill: a stream
containing iron oxide and pyrite in sediment (NA013W1,
331 ppm SOj') and a spring in muskeg (NA015W1, 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
NA011) contained anomalous concentrations of Ag, As,
Au, Bi, Cu, Fe, Pb, and Zn, and weakly anomalous concentrations 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 perhaps Sb. Sediments were also collected at eight sites from
unmined areas. In these samples, Au was the most widespread anomalous element, found at five of the eight sites.
Sediment sample NA013S1, 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, mineralized outcrop, and mineralized alluvial cobbles (table 6).
Mill-tailings samples (sites NA001 through NA006) generally had highly anomalous concentrations of Ag, As, Au,
Bi, Cd, Cu, Fe, Hg, Mo, Pb, and Zn and anomalous concentrations of Co, Sb, Se, and W (table 6). Mineralized
outcrop, stockpiled ore, mine waste, and alluvial cobbles
(sites NA007, NA008, NA010, and NA017) 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 collected from three sites within the Nabesna mill tailings
(sites NA003, NA005, and NA006, fig. 2B) and from three

sites distal from the mines and mill (sites NA009, NA013,
and NA021, fig. 2A). 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 NA009; Co (1,000
ppm), Cu (5,000 ppm), and Fe (15 percent) at site NA013;
and As (1,000 ppm), Fe (10 percent), and Pb (300 ppm) at
site NA021 (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 conductivities, 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 analyzed 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 KE008), a small rainwater pool below the Kennecott mill (KE009), a small spring
flowing from Kennecott mill tailings (KE010), National
Creek flowing through the Kennecott mill-tailings area
(KE011), 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, conductivities for all Kennecott water samples were relatively
low, ranging from 105 |iS/cm to 188 jlS/cm, except at the
mill-tailings spring sample site KE010 (conductivity, 436
p,S/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 KE010 had
the highest Cu content, a surprisingly low value of 67 ppb
(table 4). The sample at site KE012, about 0.8 km down-

Zn
Sample site
Sb
Se
ppm-HY ppm-HY ppm-AE description
0.2
0.05
76
1
1
100
1
1
120

1 Sample analyzed by PA.

.006
.006
.002
.004

Unnamed dry streambed
Unnamed stream
Mouth of Amazon Creek
Mouth of Jumbo Creek
Mouth of Bonanza Creek
National Creek just above the Kennecott
Site duplicate of KE004S1

980
1,800
1,000
990
920
1,100
1,000

Pb
ppm-PA
13
25
25

KEOOISI
KE002S1
KE003S1
KE004S1
KE005S1
KE006S1
KE004S1D
< 1.0

Cu
Fe
Hg
Mn
Mo
ppm-AE pct-AE ppm-CV ppm-AE ppm-PA
68
6.22
0.086 1,060
1.2
75
10
.3
1,500
5
150
10
.3
1,500
5

Cabin Geek upstream of Nabesna mine
Unnamed spring
Unnamed stream
Unnamed spring
Unnamed spring
Unnamed dry streambed
Unnamed spring
Skookum Creek upstream of Nabesna road
Site duplicate of NA018S1
Site duplicate of NA021S1

.004
.004
.004

Bi
Cd
Co
ppm-PA ppm-PA ppm-AE
0.0082 0.16
29
1
1
50
1
1
100

NA009S1
NA012S1
NA013S1
NA014S1
NA015S1
NA018S1
NA020S1
NA021S1
NA018S1D
NA021S1D

llMjpsillliliiliii

%Zf^*^K*««:^:*:*i:<ZfZZZZZxZ:«

]!mmm^mi^m^^mjs^mmmi9

Ag
As
Au
Index
Field No.
ppm-PA ppm-PA ppm-GF
Avg. crustal abundance
1.8
0.004
0.08
Threshold (Nabesna):
.5
10
.01
Threshold (Kennecott)
20
.01
.5
Nabesna

[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; pet, percent; average crustal abundance values from Fortescue (1992, table 4); threshold values determined arbitrarily by inspection of data distributions and natural
background data for various rock types (Rose and others, 1979); different thresholds for the Nabesna and Kennecott areas reflect differences in predominant lithologies in the two areas; see table 2 for
explanation of analytical methods codes AE, CV, GF, HY, and PA; na, sample not analyzed for this element]

Table 5. Concentrations of selected elements in minus-200 mesh stream-sediment samples collected in the Nabesna and Kennecott areas, Alaska
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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 NA001L3 through NA006L3 are from the Nabesna mill tailings;
sample NA017L3 is from the Rambler mine-waste pile; sample NA017L5 is from mineralized outcrop above the Rambler mine; sample NA001L3D
is an analytical duplicate of NA001L3; sample VA002W3 is a blank sample]
pH

Conductivity
US/cm
5,240
5,450
5,120
3,440
2,410
2,600
6,600
5,570
5,240
3.2

Index Field no.
1 NA001L3
2 NA002L3
3 NA003L3
4 NA004L3
5 NA005L3
6 NA006L3
7 NA017L3
8 NA017L5
9 NA001L3D
10 VA002W3

2.5
2.2
2.4
2.6
6.4
3.4
2.3
2.2
2.5
5.0

Index Field No.
1 NA001L3
2 NA002L3
3 NA003L3
4 NA004L3
5 NA005L3
6 NA006L3
7 NA017L3
8 NA017L5
9 NA001L3D
10 VA002W3

As
ppb-MS
1,100
29
2,200
38
2
26
2
20
1,200
<l

Au
ppb-MS
<.l
.1
<.l
<.l
.7
<.l
<.l
<.l
< .1
<.l

Index Field No.
1 NA001L3
2 NA002L3
3 NA003L3
4 NA004L3
5 NA005L3
6 NA006L3
7 NA017L3
8 NA017L5
9 NA001L3D
10 VA002W3

Pb
ppb-MS
2,700
7.6
1.1
2,500
.85
54
840
3,500
2,700
<.2

Sb
ppb-MS
1
< .4
2.1
.6
<.4
< .4
< .4
.4
.8
<.4

02
ppm
12
12
12
12
6
5
12
12
12
6
B
ppb-AE
200
<100
200
<100
< 100
<100
400
200
na
<100

Alkalinity
Al
Ca
Fe
K
ppm ppm-AE ppm-AE ppm-AE ppm-AE
570
1
<1
16
1,500
630
1
<1
23
580
<1
130
590
1,300
1
<1
5
670
170
1
760
1
1
220
<1
<1
9
660
<1
2
540
<1
4
2,800
1
430
<1
8
1,300
1
na
na
na
<1
na
<l
1
<1
<1
1
Bi
Cd
ppb-MS ppb-MS
24
27
1.0
78
16
2.2
11
.8
< .O
6
< .6
130
15
17
21
7
23
29
<.6
<3

Ce
Cu
Mn
Co
Cr
ppb-MS ppb-MS ppb-MS ppb-MS ppb-MS
11
11
300
4,900
980
15
320
23
11,000 > 4,000
29
440
28
12,000
1,200
450
8.5
36
4.1 1,400
<.l
12
18
1,800
<.8
31
770
980
57
<.8
4.4
410
830
<.8 > 20,000
2.2
470
4.4 7,800
560
11
14
330
5,800
1,100
<.l
<.2
<.8
.8
<4

Sr
Ti
Te
Th
ppb-MS ppb-MS ppb-MS ppb-MS
310
9.4
1.0
75
230
20
<.8
2.2
420
5.0
550
10
280
.4
30
.9
200
< .4
< .8
9
680
<.4
20
<.8
220
< .4
20
< .8
88
<.4
20
<.8
330
7.6
.9
85
<.l
<.4
<9
<.8

stream of site KE010, 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 KE010, 7.4 ppb), Mo (KE009, 1.2 ppb; KE010, 1.4
ppb), and Sr (KE010, 270 ppb). In water samples distal
from the mines and mill, only two cations with weakly
anomalous concentrations were found: As (three samples,
2.2 to 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

Na
Si
Ag
Mg
ppm-AE ppm-AE ppm-AE ppb-MS
1
<1
16
10
<1
1
.1
19
5
<1
.2
31
<1
<1
1.3
3
23
<1
6
<.l
5
<1
<.l
66
<1
<1
2.8
51
<1
<1
27
33
na
na
16
na
<1
<1
<1
<.l
Mo
ppb-MS
2.8
< .2
35
2.8
<.2
< .2
< .2
< .2
3.4
<.2

Ni
ppb-MS
36
55
56
15
13
29
12
12
41
<.6

V
Zn
Tl
U
ppb-MS ppb-MS ppb-MS ppb-MS
4.0
10
1,800
2.6
10
<.4 3,400
<.5
940
11
<.5
8.2
1.2
410
1
1.4
< .4
< .5
.6
33
<.4 3,000
.8
3.6
120
.4
340
< .5
1
25
2.9
170
4.4
12
2,000
3.6
<.4
<.5
<.l
7.1

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

Minus-200 mesh stream-sediment samples were collected 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
NA001

Pyrite
Gypsum

Chemical formula

Likelihood

FeS2

Sample site

Mineral

Chemical formula

NA005

Gypsum

CaSO42H2O

1

Calcite

CaCO3

1

CaSO42H2O

Rozenite

FeSO44H2O

Natrojarosite

NaFe3(SO4)2(OH)6

NA006

Likelihood

Gypsum

CaSO42H2O

1

NaFe3(S04)2(OH)6

1

(K,H30)Fe3(S04)2(OH)6

3

Kalinite

KA1(SO4)2 11H2O

Natrojarosite

Copiapite

FeuO3(SO4)1863H2O

Jarosite, hydronian

Magnesiocopiapite MgFe4(SO4)6(OH)220H2O
Butlerite

Fe(OH)SO42H2O

NA017

Sulfur

S

1

Rostite

A1(SO4)(OH)5H2O

(waste dump)

Fibroferrite

Fe(OH)SO45H2O

1

Cerussite

PbCO,

Goethite

FeO(OH)

1

Magnetite

Fe3O4

Sepiolite, ferrian

(Mg,Fe)4Si6013(OH)26H20

1

Starkeyite

MgSO44H2O

2

Copiapite

Fe,403(S04), 863H20

1

Aplowite

CoSO44H2O

2

Talc

Mg3Si4010(OH)2

1

Jarosite, hydronian (K,H3O)Fe3(SO4)2(OH)6

3

Pyrite

FeS2

1

Aluminocopiapite

(Mg,AlXFe,Al)4(SO4)6(OH)220H2
O

2

Chalcopyrite

CuFeS2

1

Pyrrhotite

Fe,,S

1

NA002

Gypsum

CaSO42HjO

1
NA017

Rozenite

FeSO44H2O

1

NA003

Natrojarosite

NaFe3(SO4)j(OH)6

1

(outcrop)

Fibroferrite

Fe(OH)SO45H2O

1

Gypsum

CaSO42H2O

1

Starkeyite

MgSO44H2O

2

Copiapite

Fe,4O3(SO4)1863H2O

NA004

1

Aplowite

CoSO44H2O

2

Jarosite, hydronian (K,H3O)Fe3(SO4)2(OH)6

3

Sepiolite, ferrian

(Mg,Fe)4Si6015(OH)26H20

2

Jarosite

3

Cacoxenite

Fe4(P04)3(OH)3 12H20

2

Carbonate
hydroxylapatite

Ca,0(P04)5C03(OH)F
Calo(PO4)5CO3(OH)F

2

KFe3(SO4)2(OH)6

Gypsum

CaSO42H2O

1

Magnetite

Fe304

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 collected from three sites below and close to the mines and
mill (sites KE008, KE010, and KE012) and from four distal sites (sites KE003, KE004, KE005, 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 concentrations 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 degree, 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 generally 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
content, 190 ppm) compared with Kennecott waters (mean
SO^" content, 8.9 ppm) is probably due to the widespread
presence of pyrite and pyrrhotite and their alteration products 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 altered iron sulfides beyond the limits of the mined areas.
Way land (1943) also noted the presence of pyrite, pyrrhotite, and magnetite near igneous intrusions in numerous
places on White Mountain. In contrast, iron sulfide minerals are rare at Kennecott (MacKevett and others, 1997).
Chalcocite and djurleite, the dominant copper sulfide minerals 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 content in surficial waters.
Molybdenum content in water samples is enriched in
Nabesna area samples (mean Mo content, 4.4 ppb) compared 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 surrounding 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 additional altered and mineralized areas are present. The widespread 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 alteration of iron sulfides are extremely efficient in generating
acid when combined with oxygenated water (Plumlee and
Nash, 1995). The presence of abundant pyrite and pyrrhotite, and the diverse soluble sulfate salt assemblage in tailings (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 milltailings 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 collected below mine-waste piles and mill tailings, had near-
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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 carbonate 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 NA011) plots highest in the field due to elevated concentrations of Zn, a metal that remains mobile in nearneutral 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 site NA011. Their presence suggests that
sorption is helping to suppress metal concentrations in water 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 collected west of the Mississippi River (Environmental Protection 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 water-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 NA005, 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 downstream 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 increased as it flowed over and through the extensive carbonate 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 interaction.
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Except for Hg, the anomalous metal suite that characterizes Nabesna mill-tailings rock samples, Ag-As-Au-BiCd-Cu-Fe-Hg-Mo-Pb-Zn-[Co-Sb-Se-W], also characterizes
stockpiled ore, mine waste, mineralized outcrop, and mineralized alluvial cobbles. (Braces indicate weakly anomalous 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 concentrations 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 mineralized areas. Anomalous Au in several sediment samples from
unmined drainages implies that the additional skarn bodies
may be gold bearing. Any additional deposits would probably be concealed, considering the large amount of pros-

pecting undertaken during the period of active exploration
and mining in the Nabesna area.
Second, there are naturally occurring high-metal contents in some sediments from sites devoid of historic mining 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 NA013
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 variability needs to be taken into consideration when establishing 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 sediment 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 conclusion is supported by Wayland (1943, p. 193), who mentions an unsuccessful attempt in the 1930's to use mercury
amalgamation to recover gold. The anomalous Hg concentrations 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 NA001 through NA006, fig. 2B and table 6), and
in sediment below the mill tailings (site NA011) 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 future remediation efforts. Since water samples for Hg analysis were not collected in the present study, Hg concentrations
in water below the mill are unknown. However, high-Hg
concentrations in the water at site NA011 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: Mercury was not detected (Hg <0.10 ppb) in additional water
samples collected in August 1996 at site NA011 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 comparable 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 carbonate rock greatly increases the buffering capacity of surface waters, resulting in near-neutral pH values; and (2)
there is a general lack, in Kennecott-type deposits, of unstable sulfide minerals, such as pyrite, that commonly form
acid waters during weathering. Further, minerals containing elements such as Zn or U, which could be mobilized in
neutral or higher pH waters, are uncommon in Kennecotttype 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 minewaste piles, mobilization of these metals in water is unlikely because of the lack of acid-generating minerals in
Kennecott-type deposits and the waste piles and mill tailings derived from them. If certain metals were mobilized
from the waste or tailings piles, rapid dilution from adja-
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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 heavymineral concentrates contain highly anomalous concentrations of several of the same metals: Ag-As-Cd-Cu-Pb. The
anomalous metal suite in mineralized rocks from the Bonanza 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 heavymineral-concentrate samples were also found in mineralized 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 concentrations in sediment from the mining and milling areas probably 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 concentrates collected distal to the mines and mill, the anomalous
metal suites are similar to those in mined areas: distal sediments, As-Cu-[Ag-Hg-Sb]; distal concentrates, Ag-As-CuPb-[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 occurring 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 sediments to natural processes alone because mining and prospecting 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. Sediments 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 mercury 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. Vegetation 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 methylmercury 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 concentrations 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 surrounding environments and may pose a potential health risk to
residents and wildlife. As part of continuing mineral resource investigations in southwestern Alaska, the U.S. Geological Survey has been involved in assessing environmental
mercury hazards in this region. Previous environmental
studies have evaluated mercury contamination in fish collected 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 originate 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 species 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 concentrations were evaluated in vegetation, soil, and streamwater 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 Substances and Disease Registry, 1994). When certain forms
of Hg are ingested or inhaled by humans, the mercury adversely 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 mercury), or Hg2+ (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). Methylmercury 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). Mercury concentrations increase in organisms that are higher
in the food chain, a process called biomagnification. Concentrations of the organic forms of mercury in the terrestrial environment are generally at least one order of
magnitude less than concentrations of inorganic forms of
mercury, but in biological tissues methylmercury can constitute 70-100 percent of the total mercury concentration
(Bloom, 1989; Baeyens, 1992; Gray and others, 1994).
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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

1960 (Sainsbury and MacKevett, 1965). Mercury ore consists of massive replacements, disseminations, and vug fillings of cinnabar in quartz-carbonate veins (Sainsbury and
MacKevett, 1965). Ore averaging about 3 to 4 percent mercury was retorted on site, and about 525 flasks (1 flask =
76 Ib 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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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 interbedded 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 minerals are cinnabar and stibnite, with minor amounts of realgar, 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 contained 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 slopes
(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 samples
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 actually 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 concentrations, 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 balsamiferd), black spruce (Picea mariand), blueberry (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, firstyear growth material was collected generally, the outermost 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 collected 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-|0,m membrane into a glass
bottle and were then preserved with nitric acid and potassium dichromate. Stream-water pH, conductivity, and turbidity 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 contamination. 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 minus-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-absorption 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-

MERCURY IN THE TERRESTRIAL ENVIRONMENT, KUSKOKWIM MOUNTAINS REGION, ALASKA

tography cold-vapor atomic-fluorescence spectrometry (GCAFS) method of Bloom (1989) and are reported in tables 1
through 4.
Soil pH and total organic carbon (TOC) are reported in
tables 3 and 4. Soil pH was determined by adding equal

45

volumes of soil and distilled deionized water to a 100-mL
beaker and mixing to form a slurry. When most of the
material had settled, the pH of the mixture was measured
using a digital pH meter. Soil TOC was determined by the
method of Curry (1990).

157"19'15"

157"18'45"

T

T
N

600 Feet

61"45'45"

EXPLANATION
Surficial deposits: Quaternary,
Qc, alluvium, bulldozed rubble,
and subordinate river gravels;
Ql, loess
Kuskokwim group: Cretaceous; mainly
graywacke and shale
61"45'30"--

Mine tailings

022 /

Vegetation and soil
sample sites

Mine shaft
4001

Stream or Creek'

Stream-water sample sites

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
no.

'Al
Al
A2
A3
Bl
Bl
B2
B2
B3
total meHg total total total meHg total meHg total
Hg (ppb) Hg
Hg
Hg (ppb) Hg (ppb) Hg
(ppb)
(ppb) (ppb) (ppb)
(ppb)
(ppb)

Cl
C2
El
E2
total total total total
Hg
Hg
Hg
Hg
(ppb) (ppb) (ppb) (ppb)

Fl
Fl
F2
F3
F3
HI
H2
H3 total
total meHg total total meHg total total Hg (ppb)
Hg (ppb) Hg
Hg
(ppb) Hg
Hg
(ppb)
(ppb) (ppb)
(ppb) (ppb)

Prospect area (unmined)
52
51
50
49
48
42
43
44
45
46
47

40

<20

30

50

50

--

--

--

--

130
250
100

<20
50
<20

<20
140
20

40
100
30

40
150
30

-26.2

-310

20

<20

1.04

36.7

130

50

90
40
20
60

20
<20
<20
20

0.74

30

140

20

150

100

80

--

20
40
60

0.73

20

90

<20
<20
30

30
70
20

<20
<20
<20

--

-

50
70
90
100
40
30
--

130

Mined area
53
54
54D
55
56
57

Q7H

250
240
160
90

H Oft

30
40
<20
<20

170
80
i ">n

760
670
^sn

1.27

i an

50
50

270

--

-

--

--

-

--

-

--

-

-

1 9f\

40

Codes for vegetation species and tissue type for tables 1 and 2
V 1 alder
airier (Alnu.i
(Ainu* crispa)
rrivnn} leaves
Cl white spruce(/>/cea
snrnreCP/V^/7 glauca)
i
Al:
Cl:
needles
A2: alder (Alnus crispa) stems
C2: white spruce(Picea glauca) stems
A3: alder (Alnus crispa) flowers
C3: white spruce(/>/'cea glauca) cones
Bl: willow (Salix sp.) leaves
Dl: cottonwood (Populus balsamifera) leaves
B2: willow (Salix sp.) stems
D2: cottonwood (Populus balsamifera) stems
B3: willow (Salix sp.) flowers
D3: cottonwood (Populus balsamifera) flowers

El: black spruce (Picea mariana) needles
E2: black spruce (Picea mariana) stems
E3: black spruce (Picea mariana) cones
Fl: blueberry (Vaccinium uliginosum) leaves
F2: blueberry (Vaccinium uliginosum) stems
F3: blueberry (Vaccinium uliginosum) fruits

RESULTS
BACKGROUNDS
Vegetation, soil, and stream-water samples were collected 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 concentrations of 6 to 100 ppb in vegetation collected from

Gl:
G2:
G2:
HI:
H2:
H3:

paper birch (Betula papyrifera) leaves
paper birch (Betula papyrifera) stems
paper birch (Betula papyrifera) flowers
dwarf birch (Betula nana) leaves
dwarf birch (Betula nana) stems
dwarf birch (Betula nana) flowers

areas where there is no mercury contamination (Siegal and
others, 1985, 1987; Kovalevsky, 1987; Rasmussen and others, 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 background 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 percent, 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]
Field no.

'Al
total
Hp
(ppb)

Al
mcHg
(ppb)

A2
total
Hp
(ppb)

A2
meHg
(ppb)

A3
total
Hp
(ppb)

A3
meHg
(ppb)

Bl
total
Hg
(ppb)

Bl
B2
B3
meHg total Hg total Hg
(ppb) (ppb) (ppb)

Cl
total
Hg
(ppb)

C2
total
Hg
(ppb)

C3
Dl
D2
El
total total Hg total Hg total
Hg
(ppb) (ppb)
Hg
(ppb)
(ppb)

E2
total
Hg
(ppb)

E3
Fl
Fl
F2
F3
total total Hg meHg total Hg total
Hg
(ppb) (ppb)
(ppb)
Hg
(ppb)
(ppb)

F3
Gl
G2
03
meHg total Hg total Hg total Hg
(ppb) (ppb) (ppb)
(ppb)

Retort area (unmined)
33
32
31
30
23
24
25
26
27
28
29
34
35
36

310

0.45

30

90

-..
..

310
330
280
150
180
180
160
180
130
90
160
180
140
90

---------..
-----

40
90
60
50
70
30
40
40
90
40
30

-

-

260

--

310

--

-

150
90
110
90
70
70

150
40
110
100
60
80

370
100
160
60
50
210

210 2.76
330 -260 -180 -190 -230 -230 -160 -110 -80
80

30
--

100
--

70

<20

20
-..
200

40
60
150
30

20

40

60

-

210

210

--

60
90
70
120
50
50
70
50
40
30
40

100 2.60
-70
70
-40
100
-80
-40
30
-40
60
--

-180

70

140
160

40
40

100

30

<20
30
70
<20

50
40

--

40
130

<20
30

60

--

30

<20

90
-120
-----

Mined area
19
18
17
16
15
14
13
12
11
1
2
3
4
5
6
7
8
9
10
20.
21
22

50
40
30
80
60
150
900
90
100
120
320
80
40
110
40
120
300
420

----0.72
0.54
------

<20
30
30
-<20 -<20 -- <20 -20
-30
-<20
30
30 0.80 40 0.87
40
40
40
20
30
50
50
30
20
60
<20 - <20 -<20
30
40
-<20 <20 -- <20 -30
30
60
30
120
-50

100
380

---

30
70

40

--

<20

60

20

30

-

--

..
150

--

30

560
210

2.73
--

70
30

100

--

40

100
130

---

20
50

..

60
50

90
60

..
--..

140
130

130
70

--

180
280
60
100

30
20
30
40

160

40

----

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 contain less than 0.1 ppb Hg (table 5). These results are consistent 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 waters are near neutral to slightly alkaline and range from 6.8
to 8.4. Conductivity values in samples collected from background sites range from 60 to 115 piS/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 drinking water standard (Alaska Department of Environmental
Conservation, 1994). Turbidity measurements were somewhat 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.

40
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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]
Cinnabar Creek

Red Devil

Field Total Hg meHg
no.
(ppm)
(ppb)

19
18
17
16
15
14
13
12
11
1
2
3
4
5

6
7
8
9
10
20
21
22

0.15

0.24
0.39
8.6
19
29
19
21
140
300
1,200
150
180
2.3
63
90
3.2
6.1
0.94
41
330
61

Mined area

Retort area (unmined)

Mined area
PH

Total
organic
carbon
(pet)

4.9
5.1

6.13
1.67
4.28
4.60
0.70
0.90
0.72
0.71
1.06
0.98
1.59
0.78
1.46
1.91
1.83
1.11
2.40
0.73
2.27
0.53
0.30
0.69

4.7
5.2
6.4
5.4
6.2
2.73
4.19

6.4
6.8
5.0
4.4
5.8
4.6
5.4
5.7
5.2

Field Total Hg
no.
(ppm)

33

5.3

32
31
30
23
24
25
26
27
28
29
34
35
36

0.81
120
2.9
0.05
1.6
0.14

meHg
(ppb)

pH

Total
organic
carbon
(pet)

8.21

4.4
5.0

6.40
2.61
0.87
1.45
1.70
4.39
6.56

4.9
5.3
4.2
4.1
4.5
5.1
4.9
-5.3
4.4
-

1.3
0.21
2.0
0.94
1.9
0.64

Field Total Hg
no.
(ppm)

53
54
54D
55
56
57

1,500
300
220
120
110
165

Prospect area (unmined)

meHg
(ppb)

pH

Total
organic
carbon
(pet)

133
------

6.4
-5.2
4.9
--

0.61
1.45
1.60
1.45
2.09
0.44

3.70
5.35
4.89
2.95
8.99
5.89

Field Total Hg meHg
no.
(ppm)
(ppb)

52
51
50
49
48
42
43
44
45
46
47

0.92
3.5
0.13
15
9.3
108
29
0.9
0.60
0.74
82

5.03

pH

Total
organic
carbon
(pet)

-

4.22

4.6
4.8
5.2
-7.6
-4.5
4.5
-5.9

2.27
4.95
2.52
1.49
0.68
2.87
4.52
4.76
2.31
1.26

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
Field no.

37
37D
38
39
40

Alder
leaves
total Hg

Alder
leaves
meHg

Alder
Soil
Alder
stems flowers total Hg
total Hg total Hg (ppm)
(ppb)
(ppb)

(Ppb)

(ppb)

20
30
100

..
-

<20
<20
<20

70
<20

0.49
-

30
<20

20
<20
40
150

30

0.18
0.10

0.16
0.39
~

Cinnabar Creek background
Soil
meHg

pH

(ppb)

..
--

0.884
--

4.4
4.0
4.8
4.3
~

Total
organic
carbon
(pet)

10.5
10.7
5.28
6.98
-

Field no.

58

59
60
61

Alder
leaves
total Hg

Alder
leaves
meHg

(ppb)

(ppb)

190
80
40
40

-

0.45

Alder
Alder
Soil
stems flowers total Hg
total Hg total Hg (ppm)
(ppb)
(ppb)
20
20
<20

<20

80
20

30
110

_

1.2
0.16
0.18

Soil
meHg

pH

(ppb)

Total
organic
carbon
(pet)

_

_

_

0.902

5.3
5.0
5.5

2.07
1.10
8.43
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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)

RD4002RA
RD4002FA
RD4003RA
RD4003FA
RD4004RA
RD4004FA
RD4005RA
RD4005FA
RD4006RA
RD4006FA
RD4007RA
RD4007FA
RD4008RA
RD4008FA
RD4009RA

Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil
Red Devil

0.14
<.10
<.10
<.10
.28
<.10
.26
<.10
<.10
<.10
.16
<.10
<.10
<.10
.19

CC4200RA
CC4200FA
CC931FA

Cinnabar Creek
Cinnabar Creek
Cinnabar Creek

.19
<.10
<.10

pH

Conductivity
("'S/cm)

7.4

100
-275
115
-115
-80

Turbidity
(NTU)

7.5

80
-80

7.6

75

3.5
-15
-3.5
-3.5
-8.5
-8.5
-8.5
-8.0

7.1

65
-

5.0
-

6.4

190

6.4
7.1
7.0
7.2
7.4

Background sites
RD4000RA
RD4000FA
RD4001RA
RD4001FA
MC4100RA
MC4100FA
HK4300RA
HK4300FA
BS4301RA
BS4301FA
EZ4302RA
EZ4302FA
VH4303RA
VH4303FA
KF4305RA
KF4305FA
AN4308RA
AN4308FA
BR3069FA

Red Devil
Red Devil
Red Devil
Red Devil
Moose Creek
Moose Creek
Holokuk River
Holokuk River
Boss Creek
Boss Creek
Egozuk Creek
Egozuk Creek
Veahna Creek
Veahna Creek
Kuskokwim River
Kuskokwim River
Kuskokwim River
Kuskokwim River
Buckstock River

<0.10
<.10
<.10
<. 10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10
<.10

CINNABAR CREEK
At the Cinnabar Creek mine, total-mercury concentrations 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

7.6
7.6
8.1

105
-105

7.3

75
95

7.1

60

8.4

7.1

80
75
115
60

6.8

60

7.6
7.7

3.5
2.0
4.0
-6.0
4.0
4.5
-5.0
30
-15

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 streamwater 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 (|J,S/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 methylmercury 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 concentrations 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 streamwater 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 ^S/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 |j,S/cm
(table 5). In samples collected downstream from the mine,
turbidity varies from 3.5 to 8.5 NTU, again with the exception 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 others, 1983; Kovalevsky, 1987; Rasmussen and others, 1991;
Lodenius, 1994). Some studies suggest discarding stem tissue because stems generally contain low mercury concentrations (Rasmussen and others, 1991). Results of our study
support this conclusion. However, Kovalevsky (1987) found
that stems of some Siberian conifers contain higher mercury 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. Our 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 Cinnabar Creek mines, alders and willows concentrate mercury 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 accumulators, whereas other plant species reject mercury, or possibly that certain plants release their absorbed mercury as
mercury vapor (Hg°) and thus lower their total concentration 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 background 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 background values in vegetation of 3 to 100 ppb reported by
Lodenius (1994).
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SOIL SAMPLES
SOIL MERCURY MINES VERSUS BACKGROUNDS

Not surprisingly, total-mercury concentrations are significantly 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 concentrations 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 mercury 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

(Lindqvist, 1991). In the United States, mean concentrations 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 (KabataPendias and Pendias, 1992). Shacklette and Boerngen (1984)
report an average value of 0.058 ppm total Hg for background 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 concentrations, 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, methylmercury 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.
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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
(Hg°) that later condensed as liquid mercury on the nearby
soils. Liquid mercury, owing to its high solubility, is absorbed more readily by plants than is highly insoluble cinnabar (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 concentrations, 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). Methylmercury concentrations are generally higher in vegetation 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 (Hg°), a form of mer-

cury more commonly found at Cinnabar Creek mine than
at Red Devil mine, is readily converted to the mercuric
(Hg2+) ion, which in turn is easily converted to methylmercury. 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 less than 3 percent of total
Hg levels with the exception of sample 042 from the Cinnabar Creek mine, which contains 36.7 percent methylmercury. These data contrast with values from other types of
biological tissue collected in southwestern Alaska; Gray
and others (1994) reported fish samples in which methylmercury 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 retorting. 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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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 downstream from the Red Devil mine contain as much as 0.28
ppb Hg, whereas background stream-water samples collected in the region contain less than 0.10 ppb Hg. However, the concentration of mercury in all stream-water
samples is below both the 2 ppb drinking-water MCL recommended by the State of Alaska (Alaska Department of
Environmental Conservation, 1994) and the 2.4 ppb maximum instream concentration recommended by the U.S. Environmental Protection Agency (Environmental Protection
Agency, 1992). In addition, streams at these mines generally are not water supplies for human consumption. Mercury 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 physical weathering. The stream-water mercury data indicate that
only small amounts of mercury are transported in water,
generally as suspended material, because the unfiltered water samples collected downstream from the mines were the
only water samples with measurable concentrations of mer-

cury. Furthermore, even when mercury is converted to water-soluble forms and carried in water, it tends to be rapidly 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 species; willow and alder generally contain the highest concentrations 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 mercury (30 to 100 ppb in the edible fruit). Methylmercury,
the highly toxic form of mercury, is probably not hazardous to humans or wildlife in the region. It generally represents less than 3 percent of the total mercury present in
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vegetation samples (although values as high as 36.7 percent occur locally); absolute values of methylmercury concentration 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 mercury in soils collected from the mines, and the high totalmercury-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 mercury mines is cinnabar, which is highly insoluble in water
and resistant to physical and chemical weathering. Therefore, 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 mercury 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 concentration information for selected native vegetation and the
organic-rich Oa soil horizon, (2) define current spatial element 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 materials were analyzed for their total major and trace element
concentrations. Most elements show their highest concentrations 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 Stampede 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 future coal-fired power plants near the northeastern border of
the Denali National Park and Preserve (DENA) may negatively affect the biological resources of the region, especially 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 designed to (1) establish baseline elemental concentration information 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 elemental 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 ability to distinguish between natural geologic and anthropogenic elemental sources.
Upon completion, this study provided background biogeochemical 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 scheduled 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 Amendments 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
HCCP facility's construction have mandated maximum allowable 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 lichens and mosses, and organic-rich soils have been used
successfully to assess the amounts and areal extent of industrial airborne emissions (Gough and Erdman, 1977;
57
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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 effective biomonitors of element deposition because they accumulate 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 horizon 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 Pewe" (1975). In general, the topography 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 eolian 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 predominantly out of the north and west. The vegetation is characterized 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.

The coals of the study area are both Late Cretaceous
(the Cantwell Formation which overlies the McKinley terrane) and Tertiary (coals that overlie the Cantwell Formation). 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 Formations. 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 percent) coal that was burned by the GVEA power plant during and immediately before the period of this study (Affolter
and others, 1994). The concentration of many trace elements 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 combustion.
SOILS

Soils in the area are broadly classified as Spodosols
(presence of an Al and Fe oxide accumulation zone (AO))
that vary from very shallow (a few centimeters) to deep
(tens of meters). Soil parent material can be generally described as residual (developed over bedrock), glacial, or
eolian. In this study, we focus on the organic-rich Oa horizon (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.

GEOLOGY

The study area is underlain by a wide variety of sedimentary, 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 metamoiphism; for example, 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 Quaternary and Tertiary surficial deposits. These include glacial deposit, lake deposits, alluvium, and landslide debris.
All of these deposits consist mainly of unconsolidated material ranging in size from huge boulders to very finegrained 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.

METHODS
STUDY DESIGN
To discriminate between natural geologic and anthropogenic elemental sources we evaluated element-concentration 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 frequently found near fossil-fuel power plants, refineries, or
other types of point-source processing facilities (Gough and
Erdman, 1977). Because emission-source-related trace element 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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quality of DENA and surrounding environments, samples
of Hylocomium splendens (feather moss), Peltigera
aphthosa (dog-tooth lichen), and Oa-horizon soil were collected 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 element 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 material, relative to distance from the GVEA site, were examined by linear regression. A least-squares equation was used
for the regression, with the prediction model taking the
form
X = a + b log 10D,
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 regression coefficient. The statistical significance of each regression 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 emission source with element accumulation in vegetation or
soil.
Geochemical and biogeochemical baselines were estimated by first assessing plots of distance from sources versus element concentrations in plant tissue or soil in order to
choose which samples to incorporate into the determination of the baseline concentration ranges. If the coefficients
of determination were large, these plots would usually demonstrate 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 understory of mixed shrubs and a dense ground cover of
mosses (Hylocomium/Pleurozium/Polytrichum) with scattered 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 (orientation 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 probability of defining variability, associated with external
sources.
Plant and soil samples were collected in close proximity 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. Attached organic detritus and extraneous vegetation were removed.
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 distilled water, and attached foreign plant material was removed. 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 procedures followed established quality-assurance and qualitycontrol 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 Technology, Standard Reference Material (SRM) vegetation standards. 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 spectroscopy (ICP-AES) following the methods of Lichte and others (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 (using 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) procedural 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 agreement 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-site ANOVA component.
Replicate soil samples were not collected at each site; therefore, an ANOVA for the Oa-horizon soils was not performed.

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. Because ash yields ranged from <4 to 42 percent and <2 to
7.5 percent for moss and lichen, respectively, dust entrapment 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 concentration of Ti, Sc, and Al in moss and lichen tissue from
samples collected along the three major traverses were examined. The slopes of the regression lines were positive,
and the r2 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 elements that are of environmental concern. Therefore, entrapped soil particles usually cause an underestimation of
the concentration of environmentally important trace elements.
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 considered 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
Element
Ti
Sc
Al
Stampede
Ti
Sc
Al
River Valley Ti
Sc
Al

Traverse
Control

r2
0.97
.80
.96
.99
.98
.99
.83
.97
.98

Traverse
Control
Stampede
RiverValley

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 involving 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 environmentally 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 significantly lower concentrations beyond about 6 km. In addition, the >6-km zone was the area where most values were
found at or near the detection limit for the analytical methods 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

Lichen
Element
Ti
Sc
Al
Ti
Sc
Al
Ti
Sc
Al

r2
0.81
.85
.90
.94
.79
.94
.83
.88
.96

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, observed inverse concentration versus distance trends are
thought to result from the influence of airborne dust originating 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 concentration levels of all three traverses in all three sample media (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.
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 compared with the data for the Control and Stampede traverses
(table 3).
In general, elemental concentrations in samples collected from all three traverses follow the progression lichen < 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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Figure 5. Observed baseline limit for chromium (Cr) and lead (Pb) in moss, lichen, and soil samples for the
Stampede traverse.
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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

Element
Al1
Ca1
Fe1
K1
Mg1
Na1
P
S1
Ti1
As
Ba
Cd
Ce
Co
Cr
Cu
Ga
Hg
La
Li
Mn
Mo
Nd
Ni
Pb
Sc
Se
Sr
Th
V
Y
Zn
Ash yield 1

Moss
(n = 45)
0.064 0.78
.60 1.1
.048 .53
.15 .54
.15 .28
.033 .16
.069 .17
.05 .10
.003 .035
.1
5.6
13
230
< .1
.7
.4
- 18
.4
2.5
.9
- 16
9.0
- 25
2.2
.3
.05 .13
.3
- 10
.3
5.0
56
1300
.7
2.8
.4
8.2
1.1
9.5
.7
4.7
< .2
1.3
<.03 .62
37
82
<.3
2.8
1.1
20
.2
2.5
22
81
3.36 - 12.6

Lichen
(n = 45)
0.022 0.24
.17
.66
.014 .19
.18
.95
.058 .20
.012 .045
.099 .37
.08
.14
.0003 .008
< .05
.38
9.0
49
< .1
.4
< .2
7.3
.2
2.0
.4
3.6
5.0
18
< .2
.7
< .02
.14
< .1
4.1
< .1
1.0
32
490
< .2
1.5
< .2
3.5
.6
5.9
.2
3.3
< .1
.4
< .03
0.07
11
38
< .2
1.5
.4
3.9
< .1
.8
20
95
2.02
7.29

Oa-soil
(n = 21)
1.2
.28
.73
.27
.15
.13
.053
.07
.034
1.1
21
< .4
9.0
5.0
14
10
3.0
.06
5.0
4.0
69
< .5
6.0
10
3.5
2.7
.11
36
1.5
19
2.2
25
14.3

-

6.0
3.2
4.0
2.2
.65
.78
.18
.23
.33
11
1700
1.7
85
19
75
42
16
.14
47
23
2400
4.2
37
37
20
11
.49
190
16
120
12
140
85.2

Range given in percent.

concentrations were similar. Concentrations of Mn and total S were elevated in lichen tissue.
Concentrations of the environmentally important elements (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 species. 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

<6 km

<6 km
>6 km

<6 km
>6 km

<6 km
>6 km

La

Mn

Nd

<6 km
>6 km

46 (13)
56 (6)

61 (18)
40 (12)

.10 (18)
.07 (12)

3.2 (18)
1.0 (12)

2.7 (13)
.63 (6)

.08 (13)
.08 (6)

470 (18)
360 (12)

3.6 (18)
.89 (12)

530 (13)
520 (6)

2.8 (13)
.45 (6)

22 (18)
14 (12)

.81 (18)
.30 (12)

.72 (13)
.19 (6)

17 (13)
14(6)

0.36 (18)
.15 (12)

.95 (18)
.81 (12)

0.61 (18)
.28 (12)

.32 (13)
.06 (6)

.83 (13)
.74 (6)

0.55 (13) 2
.12 (6) 2

56 (21)
36 (13)

.10 (21)
.07 (13)

21 (21)
1.0 (13)

460 (21)
470 (13)

6.8 (21)
1.0 (13)

25 (21)
16 (13)

1.7 (21)
.23 (13)

.70 (21)
.11 (13)

1.3 (21)
.73 (13)

1.2 (21)
0.20 (13)

37 (12)
42(8)

.12 (12)
.10 (8)

.65 (12)
.27 (8)

150 (12)
170 (8)

.61 (12)
.19 (8)

12 (12)
6.2 (8)

.17 (12)
.07 (8)

.06 (12)
.20 (8)

.25 (12)
.20 (8)

0.10 (12)
.04 (8)

48 (17)
36 (10)

.14 (17)
.11 (10)

.87 (17)
.43 (10)

160 (17)
125 (10)

.97 (17)
.34 (10)

11 (17)
8.4 (10)

.23 (17)
.10 (10)

.09 (17)
.04 (10)

.30 (17)
.08 (10)

0.15 (17)
.08 (10)

River
Valley

36 (21)
34 (13)

.13 (21)
.10 (13)

1.2 (21)
.37 (13)

136 (21)
166 (13)

1.3 (21)
.37 (13)

12 (21)
8.2 (13)

.39 (21)
.11 (13)

.13 (21)
.03 (13)

.36 (21)
.22 (13)

0.21 (21)
.05 (13)

Stampede

Concentration in lichen
Control

1 Concentrations given in percent.
2 Value in parentheses is the number of samples used to calculate the mean.

Zn

<6 km
>6 km

<6 km
>6 km

Cu

S1

<6 km
>6 km

<6 km
>6 km

<6 km
>6 km

>6 km

As

Fe 1

Ca 1

A I1

Element

Concentration in moss
River
Control
Valley
Stampede

60 (4)
72(4)

.09 (4)
.11 (4)

20(4)
19(4)

329 (4)
341 (4)

23(4)
22(4)

23(4)
23(4)

7.5 (4)
5.1 (4)

2.1 (4)
1.8 (4)

1.0 (4)
.81 (4)

4.3 (4)
3.9 (4)

80 (8)
68(4)

0.11 (8)
-18 (4)

21 (8)
8.2 (4)

1300 (8)
990 (4)

25(8)
7.5 (4)

33 (8)
21(4)

9.2 (8)
3.5 (4)

2.8 (8)
1.1 (4)

1.3 (8)
2.0 (4)

4.5 (8)
1.7 (4)

97(6)
52(6)

.07 (6)
.16 (6)

28(6)
12(6)

543 (6)
315 (6)

33 (6)
13(6)

28(6)
18(6)

9.2 (6)
3.8 (6)

3.0 (6)
1.9 (6)

1.2 (6)
0.49 (6)

5.3 (6)
2.5 (6)

Concentration in soil
River
Valley
Stampede
Control

Table 3. Concentration of selected elements in moss, lichen, and Oa soil samples (dry-weight basis) from the three study traverses
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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, including 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 total 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 lanthanide 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 information for a common species of moss and lichen and the
organic-rich Oa soil horizon, (2) define current spatial element trends as they may relate to the power-plant emissions, 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 elemental sources,
and thus distinguishing between these two types of sources
was essential.
Three traverses were established, with two (River Valley 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. Concentrations of elements in samples from the Control traverse were
generally lower and had a fewer number of inverse concentration 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 influence 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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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 northeast to southwest indicate that there has been little if any
tilting in this direction as a result of differential glacioisostatic 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 lakelevel 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 lakelevel 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 terrace 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, pinkishorange tephra, which is correlated by major element chemistry 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 apparently 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). Iliamna and Naknek are two of the largest
lakes on the peninsula (125 km and 60 km in length, respectively); Iliamna Lake is larger than any lake in the
United States with the exception of the Great Lakes. Following deglaciation of the lake basins, lake levels fluctuated, 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 outstanding 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 postglacial 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 lakelevel change. Within open basins, such as present-day
Iliamna and Naknek Lakes, shoreline features record intervals 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 18m above lake level. If their interpretation 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 regressions, on the other hand, may or may not reflect climate 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 resulting from tectonic or isostatic forces, (3) variability in
the strength of the outlet constriction, or (4) some combination of these. If incisions are controlled by a common,
73
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regionally synchronous mechanism, such as climatic or tectonic 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 stabilization. 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 expected 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

to fully understand the ages and physiography of the lake
terraces. Although our study does not unequivocally resolve 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 Wisconsin 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 presentday 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 presentday 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) suggested that the terraces may be tilted down to the southwest in response to isostatic adjustment following
deglaciation. They presented no data, however, to assess
this possibility, other than their inference, based on interpretation of aerial photographs, that the lake outlet has migrated southward.
At one site at Naknek Lake, Riehle and Detterman
(1993) measured three approximately evenly spaced terraces, 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 basin. 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 during glacial times it flowed southwestward (Stilwell, 1995).

METHODS
0

Kilometers
10 20 30 40 50

Figure 1. Northern Alaska Peninsula showing locations of
shoreline-altitude measurement sites (numbers in solid circles)
and 14C 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 Iliamna Lake and by
Riehle and Detterman (1993) at Naknek Lake. Gray line delimits
termini of late Wisconsin glaciers.

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 frequently 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 measured 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,
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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, respectively) 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 (IL5) 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 laterally.
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-

Kilometers
2

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 altitude 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 conclude 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 extends 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). Similarly, 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 15m, overlap within ±2 m, and suggest a consistent 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 glacier ice between the eastern, upglacier and western, terminal ends of both the Naknek Lake and Iliamna Lake basins
should have led to a significant difference in isostatic loading and, therefore, in postglacial rebound and consequent
shoreline tilting. Mann and Peteet (1994) recently calcu-

B

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

0- 1 0

Holocene

26-10

late Pleistocene

Glaciation

Stade

Brooks Lake

Ukak
Iliuk
Newhalen
Iliamna
Kvichak

Table 2. Terrace altitudes measured at Iliamna and Naknek
lakes
Site
(fig. 1)

Terrace
(fig. 3)

Altitude (m above lake level)
Range
Mean
W
Iliamna Lake

1
1
1
2
2
2
2
2

IL-1
IL-2
IL-3
IL-4
IL-5
IL-6
IL-7
IL-8

12- 12
27- 27
38- 41
8- 8
24- 25
31 - 31
35- 35
40- 42

12
27
39
8
24
31
35
41

2
2
3
2
3
2
2
2

6
14
30
15
14
29
15
31
15

2
8
4
2
2
2
2
2
3

Naknek Lake
1
1
1
2
3
3
4
4
5

NL-1
NL-2
NL-3
NL-4
NL-5
NL-6
NL-7
NL-8
NL-9

5- 6
11 - 16
27- 33
14- 16
14- 14
29- 29
15- 15
31 - 31
15 - 16

'Number of altitude measurements at terrace.

lated ice-surface profiles for these glaciers. Their reconstructions 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-marginaLdrainages on valley walls above Iliamna and Naknek Lakes

Reference

Pinney and Beget, 1991b
Muller, 1952
Detterman and Reed, 1973
Detterman and Reed, 1973
Detterman and Reed, 1973

(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 14C dates (table 3), stratigraphic
relationships, and tephrochronology. Together, the age evidence 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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elated 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 14C 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 31m, 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
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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 Bege"t (199la)
(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 distances (eye-heights) against the bluff face using a handheld 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 encloses Iliamna Lake.
The next lower terrace (IL-3; 39 m) is notched into
drift of the Iliamna stade at its type locality near the northeast 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, however, 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 during the Newhalen stade. This age assignment is based on
an interpretation of l: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 northeast 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

a 20 -
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200
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600

800

Distance northwest from lake shore (m)
Figure 4. Topographic profile of terraces above Iliamna Lake
at site 2 (fig. 1). Uncertainty in measurements is contained
within plot symbol. Vertical exaggeration, x!9.
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Table 3. Radiocarbon ages that bear on the timing of lake-terrace formation at Iliamna and Naknek Lakes

Reference

Stratigraphic position

Site
(fig. 1)

Age
(yrB.P.)

Lab ID

Material

1

5,520 ±250

W-2147

Twigs, grass, and
seed pods

From 17-m lake terrace

Detterman and Reed,
1973

2

7,360 ±250

1-1160

Charcoal

From surface

Dumond, 1981

3

8,250+350

W-1479

Organic matter

3.4 m below surface of
24-m terrace

Detterman and others,
1965

4

26,155 ±285

AA-15092

Plant macrofossils

Underlies outwash associated
with Kvichak moraine

Stilwell and Kaufman,
1996

5

26,570 ±320

Beta-39578

Peat

Underlies outwash associated
with Naknek moraine

Mann and Peteet,
1994

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 collected 3.4 m below the surface of a 24-m terrace and apparently dates to the time that the lake occupied this level.
Similarly, twigs, grass, and seed pods collected 30 cm be-

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 enclosing sand is equivocal, we suggest that the tephra was
erupted after Iliamna Lake fell below 31 m, during an interval of eolian-sand aggradation.
Two previously published 14C ages from lower terraces at Iliamna Lake provide additional chronological con-
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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 Beg6t, 199la) of Lethe tephra,
correlated by major element geochemistry (table 4) with the tephra deposited on the 30-m terrace (fig. 1, 14C
site 1); (4) 14C 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 BegeX 1991b) that limit the deposition of the Iliuk stade
moraine, which is notched by the 30- and 15-m terraces; and (8) 14C 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)]

Na2O

MgO

A12O3

SiO2

K2O

CaO

TiO2

MnO

FeO

Total

2.84
0.23

98.57
N = 18'

Pinkish-orange tephra, Iliamna Lake
Mean
±lo

4.44
0.11

0.65
0.07

13.80
0.30

71.37
0.91

2.43
0.11

2.35
0.23

0.62
0.08

0.07
0.03

Distal Lethe tephra analyzed by Pinney and Beget (1991a)
Mean
±lo

4.31
0.14

0.70
0.04

13.88
0.13

72.37
0.30

2.34
0.06

2.56
0.09

0.62
0.05

nd

3 .07
0 .13

99.,85
N=

'Number 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 matter with a 14C age of 26,570±20 yr B.P. (table 3, site 5;
Mann and Peteet, 1994). This provides a maximum limiting age on the three Naknek Lake terraces. Both the 30and 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
Beg^t, 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 terraces 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 major 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 correlation 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 (precipitation minus evaporation) was sufficiently high to fill
the basins to their thresholds, and (2) outlet altitudes remained stable. We infer that these conditions were met
when lake water discharge was conveyed by a stable outflow channel unaffected by climatic, isostatic, or tectonic
readjustments. We expect that downcutting occurred either
during intervals of increased hydrologic budgets and consequent outflow or during adjustments to tectonic or eustatic
perturbations. Apparently, conditions conducive to maintaining 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 lakelevel rise in a closed basin, as suggested by Detterman and
Reed (1973) for the 18-m terrace at Iliamna Lake, is presently unclear. The sites that we studied did not yield stratigraphic 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 dominantly 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

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 demanding field work at Katmai National
Park and on Augustine Island was
perfect for Jack. He is missed by his
colleagues and friends.

ABSTRACT
A five-station electronic distance meter (EDM) network centered around the Novarupta dome in Katmai National Park, Alaska, was established in 1990 and resurveyed
in 1993 and 1995. Both EDM and Global Positioning System (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-

age increase of 22.5 mm in slope distances between stations 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 occupied 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 LI-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 worldwide this century. During the 1912 eruption, approximately
155° 15'

155° 5'

58° 20' -vr~

58° 15' -

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 consists 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. Geological Survey (USGS) in 1965 at the volcanoes Kilauea and
Mauna Loa on the island of Hawaii. It was later used successfully 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 others, 1985; Iwatsubo and others, 1988). A comparison of
measurements of a three-station Novarupta electronic distance meter (EDM) network in 1989 and 1990 revealed no
changes in slope distance larger than the expected measurement 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 Global Positioning System (GPS) receivers acquired for the
purpose of monitoring geodetic networks on silicic volcanoes. 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 accomplished in inclement weather. Dvorak and others (1994)
describe the GPS surveying technique that was first applied 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 Falling Mountain, Broken Mountain, and Mainstreet benchmarks 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 rhyelite
boulder and has a punch mark enclosed by a small rectangle for a centering target. The Baked Mountain benchmark 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 benchmark at Falling Mountain, K-l, has been abandoned. Owing 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 Mountain 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-5 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 benchmarks were used for both surveys. Both the Wild DI-5
EDM and the Geodimeter 6000 EDM automatically measure distance. Hundreds of measurements at several different 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 because the DI-5 has a relatively weak laser source; vertical
clusters of three retro-reflectors were used in 1993. Retroreflectors used in 1993 could be tilted, but it is not known
if the any clusters were tilted. Vertical angles were measured with a theodelite from each EDM setup to reflector
sites. These vertical angles, along with instrument and reflector heights measured at each site, were used for conversion of slope distances to mark-to-mark distances.
Mark-to-mark measured distances were corrected for atmospheric 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).
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To gauge the validity of these changes, it was necessary to evaluate all likely sources of error in the measurements. 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 1km-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 indicated an average line-length change of 22.5 mm.
Atmospheric factors can cause line-length changes,
which introduces another potential source of error. Temperature, pressure, and relative humidity were measured at
each endpoint so that the appropriate atmospheric corrections could be applied to the line-length measurements.
Temperature corrections, the largest of the atmospheric corrections, are about 1 ppm for every 1.0°C change in temperature. 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 reflector setup inaccuracies. Tribrach circular level bubbles and
optical plummets can be out of true or height measurements can be made incorrectly. We attempted to minimize
these potential sources of error by calibrating optical plummet tribrachs and by making redundant height measurements. 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 reduced in 1995 with a computer program written by Cascades 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 differences 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 monitoring 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 + lppm]

Distance-meters
Line

BAKE-NOVA
BROK-NOVA
MAIN-NOVA
FALL-NOVA
FALL-BAKE
FALL-BROK
FALL-MAIN
MAIN-BAKE
MAIN-BROK
BROK-BAKE

1990

1993

Changes
1993-1990

2566.0758
2795.7467
2197.3964
1497.4217
3105.6921
4070.6871
2663.3693
4700.0450
4356.1728
2151.1032

2566.061 1
2795.7548
2197.3972
1497.4070
3105.6878
4070.6866
2663.3660
4700.0297
4356.1608
2151.1045

-0.015
+0.008
+0.001
-0.015
-0.004
-0.001
-0.003
-0.015
-0.012
+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]

Station pair

Distance
(meters)

BAKE-NOVA

2566.0555 (.009)
2566.0552 (.014)
2795.7487 (.013)
2795.7534 (.015)
1497.4040 (.006)
1497.4030 (.008)
3105.6806 (.008)
3105.6809 (.013)
4070.6801 (.015)
4070.6783 (.012)
2151.1062 (.008)
2151.1064 (.009)

BROK-NOVA
FALL-NOVA
FALL-BAKE
FALL-BROK
BROK-BAKE

dual-frequency receivers (no P-code capability) were deployed 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 relative to Fairbanks, 1993 GPS data were processed using
Ashtech GPS Post-Processing System (GPPS ) software

and broadcast orbits (predicted satellite orbits). Precise orbits (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 distances. 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.
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In late July 1995, five Trimble SSE receivers (dualfrequency P-code receivers) were borrowed from the Hawaiian 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 (WAVigation
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 stations. 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 obtained from CODE (Center for Orbit Determination Europe). All five Novarupta stations were first located relative
to Fairbanks and Kodiak using LI frequency and L2 frequency observations (table 3). ITRF93 (International Terrestrial 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 coordinates (initial locations required for data processing) for 1993
GPS data processing with GPPS. For final baseline calculations, BAKE was held fixed and data were processed for
Ll-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.
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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 compared 1993 GPS line lengths with 1993 EDM line lengths.
All line-length data were placed in a spreadsheet to facilitate comparison of data and then plotted on geodetic-network 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]

Distance
(meters)

Distance
(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)

Station pair

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 calibrated 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 errors 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 linelength 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. Although 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).
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Figure 4. Novarupta line-length differences for 1993 GPS and
1993 EDM surveys.
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Figure 5. 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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Figure 6. Novarupta line-length differences for 1995 GPS and
1993 EDM surveys.
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Figure 7. Novarupta line-length differences for 1995 GPS and
1990 EDM surveys.

GEODETIC STUDIES IN THE NOVARUPTA AREA, KATMAI NATIONAL PARK, ALASKA, 1990 TO 1995

DISCUSSION
It is not possible to definitively assess the magnitude
of possible systematic errors in the Novarupta EDM surveys 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 corrections were applied to reduce any residual errors. Nevertheless, 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 Cascades 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 eruptive activity, accuracies are believed to be ±10 mm over 24 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 average 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 being made in California along the Hayward fault (King and
others, 1995), errors associated with repeated GPS measurements like that at Novarupta in 1995 are difficult to
assess because of few observations. For continuous measurements, 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 continuous 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
error.
The possibility that a nearby shallow magma body exists 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 southwest of Baked Mountain (slightly west of the geodetic network). 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-
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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 deformation 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 deformation 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 gridtype geophysical exploration in the Valley of Ten Thousand Smokes.
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The "Twin Peaks Fault":
Not a Tectonic or Seismogenic Structure
By Peter J. Haeussler and Robert S. Anderson

ABSTRACT
The "Twin Peaks fault" in south-central Alaska is one
of only two places along the Border Ranges fault system
for which it has been argued that there is Holocene surface
faulting. If true, then the "Twin Peaks fault" and the Border Ranges system in general could represent a significant
earthquake hazard for the Anchorage area. We have reassessed evidence for surface faulting along the "Twin Peaks
fault" and find that it is not a tectonic or seismogenic structure, but rather it is a coincidental alignment of bedrock
structural fabric, swales related to sackungen and
landsliding, and a headscarp related to landsliding within
an inactive rock glacier.

INTRODUCTION
The recognition and characterization of active faults is
crucial to understanding the earthquake hazards in any region. If a fault is considered to be active, that is, having
evidence of movement in Holocene time, it is likely that it
moved suddenly and produced an earthquake. It is relatively simple to demonstrate that some faults are active; for
example, the San Andreas fault in California has historical
seismicity, including large earthquakes greater than magnitude 7, and a well-defined fault trace that includes a fault
scarp, sag ponds, and a vegetation and topographic lineament (e.g., Wallace, 1990). Other active faults may not
display all these features, but the presence of a scarp is
typically regarded as evidence of surface faulting and of an
active fault that can produce significant earthquakes.
The Border Ranges fault is one of the longest and
most significant faults in southern and southeastern Alaska;
it divides the accretionary complex to the south from its
backstop, that is, the "continental" crust to the north (e.g.,
Plafker and others, 1994b). More than half the population
of Alaska lives within a few tens of kilometers of the fault,
and it is cited in local geotechnical reports and on seismic
hazard maps (where it is often referred to as the "Knik
fault" or "Knik fault zone"; Municipality of Anchorage,

1980-1982) as an active fault (fig. 1). There has been no
seismicity that can be directly attributed to the Border
Ranges fault (Page and others, 1991). Only two faults have
been interpreted to be both active and associated with the
Border Ranges fault. One of these is the Matanuska Glacier fault (located approximately 25 km east of the northeast corner of fig. 1; Burns and others, 1983; Plafker and
others, 1994a). This 4-km-long east-west-striking fault apparently offsets tundra 30 cm vertically with a right-normal
sense of offset (Gar Pessel, Alaska Division of Geological
and Geophysical Surveys, written commun. to George
Plafker, 1984). The other fault is the "Twin Peaks fault,"
mapped by Updike and Ulery (1983), which lies 50 km
northeast of Anchorage (figs. 1, 2).
The "Twin Peaks fault" as mapped by Updike and
Ulery (1983) is a 6-km-long, north-side-down normal fault
with an average strike of 077°; it lies 1 to 1.5 km south of
the Border Ranges fault sensu strictu (that is, the thrust
fault that juxtaposes rocks of the accretionary prism with
those of the backstop; Plafker and others, 1989) (fig. 2).
The "Twin Peaks fault" does not offset any mapped con-
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Figure 1. Map of the Anchorage area showing the trace of the
Border Ranges fault (Winkler, 1992) and the "Twin Peaks fault"
(Updike and Ulery, 1983).
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tact on the Updike and Ulery (1983) map but cuts across
rocks of the McHugh Complex and, more significantly for
earthquake hazards, "early-phase" rock glacier deposits in
two locations. These early-phase rock glacier deposits are
considered to be early to middle Holocene in age (Updike
and Ulery, 1983), and thus the proposed faulting would
have occurred in late Holocene time. Updike (1984, p. 2021) said of the Twin Peaks fault, "Results obtained thus far
strongly suggest that movement sufficient to generate major earthquakes has occurred within the past few thousand
years." We examined aerial photographs of the "Twin Peaks
fault" and inspected about 2.5 km of the proposed trace of
the "fault" in order to further assess whether or not it is a
seismogenic feature as interpreted by Updike (1984). A
correct assessment of this structure is critical for evaluating
earthquake hazards in south-central Alaska.

149° 12'30'

AERIAL PHOTOGRAPHIC
INTERPRETATIONS ALONG THE "TWIN
PEAKS FAULT"
Aerial photographs were used to study structures and
Quaternary deposits in the vicinity of the "Twin Peaks fault"
(fig. 3). Our discussion of geomorphic features (denoted by
letters on fig. 3) along the trace of the "Twin Peaks fault"
(as defined by Updike and Ulery, 1983) follows from east
to west (top to bottom on fig. 3).
(A) This is an unusual linear trough with a crest on
either side that appears to lie within talus and colluvium
along the top of this horizontal mountain ridge. The feature
appears to have the south side downthrown and has an
uphill-facing scarp. It does not continue eastward beneath
colluvium on the east side of the mountain. The swale is

149° 730'

61» 27' 30*

Figure 2. Simplified geologic map of the Twin Peaks area, modified from Updike and Ulery (1983). The map roughly corresponds in
area to the aerial photographs in figure 3. Units are as follows: Qht, Holocene till, which includes all Holocene till units on the Updike
and Ulery (1983) map; Qnt, Naptowne (late Quaternary) till, which includes all Naptowne till units on the Updike and Ulery (1983)
map; Qat, large active talus deposits; Qre, rock-glacier deposits early phase; Qrl, rock-glacier deposits late phase; KJ, combined
Jura-Cretaceous McHugh Complex metavolcanic and metasedimentary rocks and Valdez Group flysch deposits; Mpud, Eklutna ultramafic
complex, dominantly dunite. Faults entirely within Mesozoic units are not shown. "G," locality G discussed in the text and shown on
figures 3, 4, and 5.
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parallel to bedrock structural fabric on the north side of the
mountain. The feature is probably a sackung, that is, a
gravitational spreading ridge (e.g., Varnes and others, 1989).
Yehle and Schmoll (1987) produced a surficial geologic
map that includes this area, and they also considered this
feature to be a sackung. Sackungen may be associated with
seismic shaking in glaciated mountainous areas (Dohrenwend and others, 1978).
(Q) At locations labeled Q, the structural fabric of
the McHugh Complex is parallel to the mapped trace of the
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"Twin Peaks fault" (Updike and Ulery, 1983) and has an
east-northeast strike. Bedrock fabric in the McHugh Complex is dominated by numerous shear zones (e.g., Bradley
and Kusky, 1992) and thus would be expected to have a
geomorphic expression due to preferential weathering of
the shear zones. In a number of places on the aerial photographs, such as north of location A, the bedrock fabric has
a clear geomorphic expression.
(B) to (C) There are no scarps or linear swales between these two locations. Bedrock exposures with east-

Rock
Glacier

Active Rock
EXPLANATION
- - Linear feature
Rock glacier
Twin Peaks fault as
mapped by Updike
and Ulery (1983)

Figure 3. Aerial photographs of the Twin Peaks area, photograph 6-27-86 Eklutna 20 No. 8 from AeroMap U.S., Inc.; scale is 1 in.
= 2,500 ft, or approximately 1:32,250. Note that north is to the right. A, Uninterpreted image. B, Interpreted image. Letters label
parts of the photograph discussed in the text. Numerous north-northwest-striking late faults can be seen on the aerial photo, but
none are illustrated in order to emphasize the east-northeast structural grain. The rock glaciers were determined to be active because
of the lack of vegetation on their surfaces.
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northeast-striking structures (labeled Q) are close to points
B and C. It is unlikely that geomorphic processes would
have buried or eliminated an escarpment because there is a
lack of sediment to cover the scarp and because the bedrock is at least partly resistant to colluvial processes.
(D) One large and two smaller flanking curving
swales are located in a saddle along this ridge. These swales
possibly cut bedrock, as indicated by small vegetated exposures of slate on the north side. The swales have a depth of
1-2 m and are cuspate northward with a curve approximately 30° along a horizontal distance of 50 m (as determined from our field examination). The origin of the swales
is uncertain. On aerial photos they appear to be related to
landsliding because of their cuspate shape. The swales do
roughly parallel bedrock structure to the north, and thus the
swales may be related to landsliding along the bedrock fabric.
(E) to (F) There is no evidence on the aerial photos
for a scarp or a linear swale between these two locations.
(G) This is the scarp that has been cited as evidence
for recent movement on the "Twin Peaks fault" (see photograph on p. 21 of Updike, 1984). Understanding the origin
of this scarp is critical to establishing if the "Twin Peaks
fault" is active. This scarp is approximately 200 m long
and crosscuts colluvium and talus of an inactive rock glacier. In map view, the scarp is slightly concave toward the
north, as shown by Updike and Ulery (1983). There are
more scarps located downhill and about 75 m to the north.
One of these is weakly defined, is approximately 125 m
long, and consists of two equal-length linear segments that,
in map view, are slightly offset. Approximately 75 m to the
east of this scarp there is another short (~30-m) linear swale.
The relationship between this swale and the scarp with the
two equal-length segments is unclear because colluvium
between them is undisturbed.
(H) to (I) An active rock glacier lies between these
points, and there is no evidence for a scarp or linear swale
along the inferred trace of the "Twin Peaks fault" in this
area.
(J) There is an uphill-facing bedrock escarpment in
this knobby area. This uphill-facing scarp is parallel to
other bedrock structural features to the north (labeled Q).
All these linear features follow the "rule of V's" for a
steeply southward-dipping structure. If there has been lateral spreading on the southward-dipping structure, then the
uphill-facing scarp is consistent with a sackung.
(K) to (L) There is no evidence for either a scarp or a
linear swale between these two locations. One would expect to observe effects of faulting on the bedrock ridge,
just to the northeast of point K, if a fault continued
alongstrike from point J into this area.
(M) There is a vague linear swale in the colluvium
along the trend of the bedrock scarp at point J.
(N) We observe no evidence for scarps or linear
swales along the mapped trace of the "Twin Peaks fault" to
the northeast of this point.

(O) Updike and Ulery (1983) show the mapped trace
of the "Twin Peaks fault" cutting across the toe of this rock
glacier. We consider it unlikely that a steep, north-dipping
fault (dip is close to vertical according to their mapping)
would make such a sharp bend from point J or point K
toward point O. The curvilinear feature through which they
run the trace of the "Twin Peaks fault" appears to be a lobe
of an active rock glacier.
(P) We observe no scarps or linear swales suggestive
of a fault in this area, although Updike and Ulery (1983)
map the "Twin Peaks fault" in this area.
Our interpretation of the aerial photographs is that the
"Twin Peaks fault" as mapped by Updike and Ulery (1983)
is not a continuous surficial feature, and that the trace of
the mapped "fault" is parallel to the structural fabric in the
McHugh Complex and includes a lobe near the front of an
active rock glacier.

FIELD INVESTIGATION OF THE "TWIN
PEAKS FAULT"
We examined the "Twin Peaks fault" in the field at
location A, and from halfway between points B and C to
point H (fig. 3). In particular, we concentrated on examining the critical scarp at location G (fig. 3) because it was
this scarp that Updike (1984) cited as evidence that the
"Twin Peaks fault" is active.
The scarp at location G cuts a rock glacier that we
consider to be inactive because it is covered with stable
vegetation (figs. 4, 5). In contrast, the rock glacier to the
east is presently active, as indicated by a complete lack of

Figure 4. Oblique downward view of the Twin Peaks scarp at
location G (figs. 2, 3). View is toward the northeast. Person in
the photograph is about 2 m tall.
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surface vegetation (fig. 4). The scarp is 3-4 m high on the
inactive rock glacier, and it has a slope of about 45° (fig.
5). The curving linear swales at location D, in contrast,
have a height of only about 1-2 m. The large scarp on the
inactive rock glacier is located just above the steepest slope
of the toe of the rock glacier. The scarp is slightly concave
to the north (the downslope direction) and is generally oriented perpendicular to the downslope direction. The eastern end of the scarp strikes into but is not visible
within the active rock glacier. The western end of the
scarp dies out near, and slightly east of, the contact between the inactive rock glacier and the hillside to the west.
We did not visit the lower scarps identified on aerial photographs due to time limitations, but we determined that
the scarps were not sharply defined and they were covered
with vegetation. Our field investigations confirmed the aerial
photo interpretation that there was no evidence of a scarp
on the hillside between locations E and F (fig. 3). We
found no evidence for active faulting along the rest of the
"Twin Peaks fault" from location F to the midpoint between locations B and C (fig. 3). There were no visible
scarps, no springs, no sag ponds, no linear swales, no shutter ridges, no offset drainage channels, and no vegetation
lineaments.

INTERPRETATION
Active faults are generally planar features that display
some sort of continuous surficial expression (e.g., Wallace,
1990), except where they are obscured by geomorphic processes after faulting. The orientation, shape, location, and
discontinuous lateral extent of the "Twin Peaks fault" scarp
and swales lead us to conclude that this feature is not an
active fault. In addition, Yehle and Schmoll (1987), on a
surficial geologic map that includes this area, did not map
a fault scarp north of the Twin Peaks.
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We interpret the scarp on the inactive rock glacier north
of the Twin Peaks (location G, figs. 2 and 3) to be the
result of degradation of the now-inactive rock glacier. Melting of internal ice may have promoted downslope motion
of the toe of the inactive rock glacier as a discrete landslide, in which case the scarp would be the headscarp of a
landslide. Landsliding may have been caused by water saturation of the rock-ice mixture beneath and near the toe of
the inactive rock glacier (fig. 6). Although landslides within
a rock glacier might be considered unusual owing to the
abundance of boulders within the deposits, the cuspate morphology of the scarp and its orientation perpendicular to
the downslope direction support a landslide origin. The
scarps downhill to the north, identified on aerial photos,
are possibly minor scarps within the landslide and are not a
splay of the "Twin Peaks fault" as shown by Updike and
Ulery (1983).
Perhaps the most convincing argument against a faultrelated origin for the Twin Peaks scarp is that the feature is
not continuous through bedrock and the Quaternary deposits along its mapped length. In addition, the fact that the
inferred trace is parallel to the dominant structural fabric in
the underlying McHugh Complex suggests that other parts
of the "Twin Peaks fault" we have not visited on the ground
are actually related to bedrock fabric and not to recent
faulting. We do not have a conclusive genetic explanation
for the origin of every surficial swale or scarp along the
mapped trace of the "Twin Peaks fault," but we consider
the weight of the evidence to argue strongly against a
throughgoing seismogenic fault in the Twin Peaks area.
We consider the "Twin Peaks fault" of Updike and Ulery
(1983) to be a coincidental alignment of bedrock structural
fabric, swales related to sackungen, possible landslide
headscarps, and a scarp related to landsliding within an
inactive rock glacier.

Zone ot saturation due
to melting of internal ice

Figure 5. View westward along the Twin Peaks scarp at location
G (figs. 2 and 3). Person in the photograph is about 2 m tall.

Figure 6. Diagram showing how the Twin Peaks scarp might
have developed from melting of internal ice within the rock glacier
after its organized motion as a rock glacier ceased.
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In addition, the fact that the scarp heights on the inactive rock glacier are significantly greater than the swale
heights on the ridge to the west suggests that these scarps
and swales were formed by different processes. The only
plausible explanations for such height differences, if this
were an active fault, would be drastic changes in either the
dip of the fault or in the displacement along the fault, or
the splaying of the fault into several strands. Over small
distances (<1 km) extreme gradients in dip or in displacement are unlikely, and we saw no evidence for splaying of
the feature. Moreover, both scarps and swales are cuspate,
and the lack of a scarp between the features at locations G
and D argues against their being related to an active fault.

DISCUSSION
If the "Twin Peaks fault" does not have any seismogenic
potential, there is then no surficial evidence for Holocene
activity on or near the Border Ranges fault close to Anchorage. Similarly, geologic evidence at numerous localities along the Border Ranges fault system indicates a lack
of Quaternary activity on the fault, and that it has been
inactive since Eocene time (Little and Naeser, 1989; Plafker
and others, 1994a, b). This does not imply there has been
no seismicity associated with late-stage faults near the Border Ranges fault (sensu lato), but rather that seismicity
could not have been large enough to cause surface faulting.
On 17 February 1995, there was a shallow magnitude 5.0
mb earthquake near Chickaloon, Alaska, that had a hypocenter about 5 km north of the mapped Border Ranges
fault (Winkler, 1992), and a depth of 6 km. There are a
number of steeply dipping brittle faults subparallel to the
Border Ranges fault in the region where the earthquake
occurred, and it is likely the earthquake occurred on one of
these faults. These faults are not related to thrust faulting
on the Border Ranges fault but rather to later stage faulting. Winkler (1992) considers these faults to be part of the
"Border Ranges fault zone." While it appears that earthquakes large enough to cause extensive surface faulting (in
the magnitude 7 range) along or near the Border Ranges
fault have not occurred during Holocene time, the 17 February 1995 event implies that magnitude 5 earthquakes can
be produced on nearby high-angle faults.
Finally, although we question the existence of the "Twin
Peaks fault," we do not imply there has been no faulting at
any time in the area. The Border Ranges fault lies 1 to 1.5
km to the north, and it is likely there are associated inactive faults nearby. In addition, geologic logs from a hydroelectric tunnel beneath Twin Peaks indicate abundant
north-side-down normal faults occur to the north of the
East Twin Peak (Bureau of Reclamation, 1958). However,
we conclude the "Twin Peaks fault" is a coincidental alignment of bedrock structural fabric, swales related to

sackungen and landsliding, and a headscarp related to
landsliding within an inactive rock glacier.
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Silver-Lead-Zinc Mineral Occurrences in the Howard Pass
Quadrangle, Brooks Range, Alaska
By Karen D. Kelley, Cliff D. Taylor, and Barrett A. Cieutat

ABSTRACT
Nine occurrences of base-metal sulfide minerals in
banded and brecciated veins (vein breccias) and one occurrence of sulfide-bearing concretions were discovered in the
Howard Pass quadrangle during geochemical investigations.
Most of these are small isolated mineral occurrences with
little or no economic significance. However, the mineral
occurrences are located in an east-west-trending belt in the
southern part of the Howard Pass quadrangle that lies within
a more broadly defined silver-lead-zinc province. The clustering of these occurrences in the southern part of the quadrangle, and the presence of numerous spatially associated
barite mineral occurrences and other previously reported
sediment-hosted Ag-Pb-Zn occurrences and deposits, indicate that this area was the focus for metal-rich fluids.The
vein-breccia occurrences are hosted primarily by Upper Devonian and Mississippian clastic sedimentary rocks of the
Endicott Group. They consist of sulfide-bearing banded
quartz-calcite veins, quartz cemented breccias, and disseminated sulfide minerals. The dominant sulfide minerals are
sphalerite and galena. Mineralized rock samples contain as
much as 230 ppm Ag, 980 ppm As, 0.15 ppm Au, 730 ppm
Cd, 3,300 ppm Cu, 2,400 ppm Ni, 100,000 ppm (10 percent) Pb, and 200,000 ppm (20 percent) Zn. Some samples
contain anomalous concentrations of Sb (as much as 10,000
ppm) and Sn (100 ppm). Iron-rich, sulfide-bearing concretions hosted by black shale of Early Mississippian age are
up to 0.3 m in diameter and probably formed during compaction and diagenesis of the shale. These concretions contain minor amounts of sphalerite and galena, as well as 3.7
percent Ca, 28 percent Fe, and 84 ppm Zn.

INTRODUCTION
Stratiform sedimentary exhalative (SEDEX) massive
sulfide deposits, sulfide-bearing concretions, and banded
vein and breccia occurrences define a belt of silver-leadzinc mineral occurrences and deposits that extends across
the north-western and north-central Brooks Range (fig. 1).
The apparent gap in the belt, suggested by only a single

occurrence in the Misheguk Mountain quadrangle, is probably due to the lack of geologic investigations in this area.
The SEDEX deposits are hosted in chert, mudstone, and
shale of Mississippian and Pennsylvanian age. Red Dog is
the largest and highest grade deposit, but other important
mineral occurrences include Su-Lik, Competition Creek,
Suds, and Drenchwater (fig. 1). The banded and brecciated
silver-lead-zinc veins are discordant but strata-bound in relatively older Upper Devonian and Lower Mississippian clastic rocks of the Endicott Group. Geologic and isotopic data
suggest that most of the vein breccias are of similar age as
the SEDEX deposits (Werdon and others, 1996). These
data, together with other trace element geochemical data,
indicate that the vein breccias may represent feeder zones
to poorly developed, eroded, or structurally removed
stratiform bodies (Kelley and Mull, 1995; Young, 1995;
Schmidt, 1997). The best known examples of vein-breccia
occurrences are in the Killik River and Howard Pass quadrangles. Several mineral occurrences in the Killik River
quadrangle were discovered as part of mineral resource
investigations of the area in the late 1980's and early 1990's
(Duttweiler,1987; Kelley and Kelley, 1992; Kelley and Mull,
1995; Kurtak and others, 1995), whereas many of those in
the Howard Pass quadrangle were discovered during a mineral resource appraisal of the National Petroleum Reserve
in Alaska (NPRA) in the late 1970's (Jansons and Baggs,
1980; Jansons and Parke, 1981; Jansons, 1982). From 1990
to 1994, geochemical studies were conducted in the Howard
Pass quadrangle as part of the Alaska Mineral Resource
Assessment Program (AMRAP) (Kelley and others, 1996).
Ten previously unknown mineral occurrences described in
this study were discovered during follow-up investigations
of geochemical anomalies in 1992 and 1994 (fig. 2). Although most of these new finds are small, isolated occurrences with little or no economic significance, they form
an east-west-trending belt that extends across the southern
part of the Howard Pass quadrangle, and they are of interest because of their spatial and perhaps genetic relationship
to shale-hosted massive sulfide (SEDEX) deposits. The
abundance of the vein breccias in the quadrangle and their
spatial association with shale-hosted massive sulfide occurrences such as that at Drenchwater (Nokleberg and
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Winkler, 1982; Werdon, 1996), with possible shale-hosted
sulfide mineralization at Twistem Creek (Kelley and others, 1992), and with massive barite deposits directly north
in the upper tributaries of Cutaway Creek (Kelley and others, 1993) indicate that metal-rich fluids were focused in
this area (fig. 2). This paper briefly describes the local
geologic and geochemical characteristics that led to discovery of the mineral occurrences. Additional information
on individual silver-lead-zinc occurrences and (or) other
types of mineral deposits in the quadrangle are provided by
Jansons and Baggs (1980), Jansons and Parke (1981),
Ellersieck and others (1982), Jansons (1982), Nokleberg
and Winkler (1982), Kelley and others (1993), Kelley and
Mull (1995), Kurtak and others (1995), and Werdon (1996).

GEOLOGY
Upper Proterozoic and lower Paleozoic sedimentary
and igneous rocks in the central and southern Brooks Range
record a passive pre-Devonian continental margin (Moore
and others, 1994). Continental shelf to deep-marine-slope
sedimentary strata, now exposed in the Brooks Range, were
deposited along the passive margin. During Devonian time,
a belt of volcanogenic massive sulfide (VMS) deposits,
associated with potassic submarine rhyolites (Hitzman and
others, 1986), formed a metallogenic province now exposed
on the south side of the Brooks Range. A south-facing
continental-margin shelf-platform sequence began to develop during a Late Devonian, rift-related extensional event
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(Einaudi and Hitzman, 1986). Lower Mississippian marine
shale and carbonate strata were deposited on older fluvialdeltaic sequences (Moore and others, 1994). Sedimentarybasin development during Mississippian and Pennsylvanian
extension created an environment favorable for the formation of silver-lead-zinc massive sulfide (SEDEX) and barite deposits within carboniferous shale and, less commonly,
within chert. These SEDEX and barite deposits now form a

metallogenic province on the north side of the Brooks
Range. Latest Jurassic to earliest Cretaceous compressional
deformation of the continental margin during the Brooks
Range orogeny resulted in the formation of a north-directed
fold-and-thrust belt with local blueschist metamorphism in
its southern portion (Einaudi and Hitzman, 1986; Till, 1992).
In the northern Brooks Range, the uplift and deformation
resulted in a belt of intensively thrust-faulted middle
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Figure 2. Howard Pass quadrangle showing general distribution of sedimentary rocks (from Kurtak and
others, 1995) and location of base-metal mineral occurrences. Open symbols are previously reported mineral
occurrences; closed symbols are mineral occurrences described in this study. Abbreviations: NNP, Noatak
National Preserve; NPRA, National Petroleum Reserve in Alaska.
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Paleozoic to Lower Cretaceous sedimentary rocks. Rocks
of the foreland basin are exposed in the foothills north of
the mountains and are predominantly siliciclastic rocks of
Cretaceous age that were derived from the Brooks Range
and prograded northward and eastward (Mull, 1982). Only
Devonian through Cretaceous sedimentary rocks (fig. 2)
and lesser mafic and ultramafic igneous rocks of Mississippian(?) through Jurassic age are exposed in the Howard
Pass quadrangle. These rocks have been involved in largescale thrust faulting that has obscured their original stratigraphic relations. They are overlain by upper Tertiary and
Quaternary glacial and alluvial sedimentary deposits.

MINERAL OCCURRENCES
The locations of nine occurrences of base-metal sulfide minerals in banded and brecciated veins and of one
occurrence of sulfide-bearing concretions are shown on figure 2. Most of the mineralized vein breccias are small,
isolated occurrences that were found in stream float and
not traced to outcrop. These occurrences are listed by sample
number on figure 2. Three vein- breccia occurrences, informally named the Ahnoway, Hohum, and TMJ, are exposed
in outcrop. An additional occurrence of sphalerite-bearing
concretions (informally named West Safari Creek) is exposed in outcrop along a western tributary of Safari Creek
(fig. 2).
Although some of these mineral occurrences were discovered during regional reconnaissance geochemical sampling in 1992, most were discovered in 1994 by tracing
geochemical anomalies upstream to their source. Nonmagnetic heavy-mineral-concentrate samples collected downstream from mineralized areas typically contain high
concentrations of Ag (>5 ppm), Pb (>500 ppm), and Zn
(> 1,000 ppm), and stream-sediment samples contain anomalous Pb (>70 ppm) and Zn (>300 ppm). In addition, nonmagnetic heavy-mineral-concentrate samples collected
downstream from some occurrences contain anomalous Cu
(>100 ppm) and Au (50 ppm to > 1,000 ppm) (Kelley and
others, 1994). Geochemical data for mineralized rocks from
all of the mineral occurrences are included in table 1. A
brief description of the four occurrences exposed in outcrop is given below.
AHNOWAY

The Ahnoway occurrence is located in the Howard
Pass B-4 (scale 1:63,360) quadrangle (NV2 sec. 14, T. 33
NM R. 3 E.), about 7 km east of Feniak Lake (fig. 2) and
within the Noatak National Preserve. Mineralized rocks are
exposed on a low hill over an area of about 25 by 30 m in
frost boils and "rubble-crop" (fig. 3A) north of a small,
southeast-trending stream. Abundant mineralized float

(cobbles and boulders) was observed in the stream channel
during reconnaissance stream-sediment sampling and was
traced for about 0.4 km upstream to this outcrop.
Host rocks for this mineral occurrence are sandstone
and siltstone of the Upper Devonian and Lower Mississippian Endicott Group. Mineralized rocks consist of sulfidebearing banded veins and quartz- and sphalerite-cemented
siltstone breccias (figs. 3B-D). The breccias consist of siltstone and sandstone clasts cemented by quartz; the quartz
matrix commonly contains disseminated, fine-grained
sphalerite (fig. 3B-C). The breccias have been cut by at
least two generations of sulfide-bearing banded quartz-carbonate veins (fig. 35, C). The most common sulfide minerals are sphalerite and galena. Pyrite and chalcopyrite are
present but uncommon. The sulfide-rich breccias are extensively oxidized and weathered, and some exposures contain abundant secondary iron oxides and boxwork structures,
indicating that sulfides have been leached and removed
during weathering.
Mineralized rocks contain high concentrations of As
(15-76 ppm), Au (0.05-0.15 ppm), Cd (58-680 ppm), Cu
(85-530 ppm), Pb (3,400-92,000 ppm), and Zn (16,000133,000 ppm) (table 1). Galena-rich samples contain high
concentrations of Ag (>200 ppm), and sphalerite- dominant samples contain high concentrations of Sn (32-45 ppm;
table 1). The correlation between high Sn and sphaleriterich samples suggests that the Sn is contained in the sphalerite. Trace element analyses of sphalerite from a variety of
deposit types show that sphalerite can contain as much as 1
percent Sn (Levinson, 1974).
HOHUM

The Hohum mineral occurrence lies within the Noatak
National Preserve in the Howard Pass B-3 quadrangle
(NV2 sec. 16 and S l/2 sec. 9, T. 33 N., R. 5 E.), about 4 to
5 km northeast of the Whoopee Creek occurrence (Jansons,
1982) (fig. 2). Hohum is exposed on a large knoll about
200 m north of a small east-west-trending stream. The
stream-sediment sample collected from this stream contained high concentrations of Pb (70 ppm) and Zn (300
ppm), and the nonmagnetic heavy-mineral-concentrate
sample contained 200 ppm Ag, > 1,000 ppm Au, 5,000 ppm
Pb, and 1,000 ppm Zn (Kelley and others, 1996). During
follow-up investigations in 1994, mineralized cobbles and
boulders were traced to outcrop.
The main zone of mineralized rocks extends in outcrop across a horizontal distance of about 30 m. Mineral
textures are similar to those described for the Ahnoway
mineral occurrence and consist primarily of banded quartzcalcite veins and quartz-cemented sulfide-bearing breccias
hosted by thin-bedded sandstone and gray silty shale of the
Endicott Group. Veins are typically about 2 cm wide but
reach widths of at least 5 cm. Most veins strike northwest
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to east-west. Clots of galena up to several millimeters in
size are common in some vein samples. Other samples
contain massive, banded, red-brown sphalerite and galena
in quartz-calcite veins. Some vein samples contain about
20 percent sulfide minerals, similar to banded veins at the
Ahnoway occurrence (fig. 3B). Sphalerite and galena are
the most abundant sulfide minerals, but pyrite and chalcopyrite are also locally abundant. Minor iron oxides are
found along some vein margins, and malachite staining is
seen in some copper-rich veins and breccias.
The geochemical signature of mineralized rocks from
the Hohum is similar to that at Ahnoway (table 1). Vein
and breccia samples contain high concentrations of Ag (20100 ppm), Cd (200-280 ppm), Pb (16,000-19,000 ppm),
and Zn (up to 20 percent). Some lead-rich samples contain

high Sb concentrations (10,000 ppm), and sphalerite-bearing samples have as much as 100 ppm Sn (table 1). The
arsenic, copper, and nickel contents of some samples reflect the abundance of pyrite (As and Ni substitute for Fe;
Levinson, 1974) and of chalcopyrite and associated
oxidization products. For instance, a partly oxidized vein
containing galena, chalcopyrite, pyrite, and sphalerite from
the Hohum contains 980 ppm As, 3,300 ppm Cu, and 2,400
ppm Ni (table 1).
TMJ

The TMJ occurrence is located in the Howard Pass B4 quadrangle (N 1/! sec. 36, T. 34 N., R. 3 E.), about 5 km

Figure 3. The Ahnoway mineral occurrence. A, View to north; low rubble hill in foreground consists of mineralized veins and breccias
in siltstone and sandstone of the Endicott Group. B, Weathered surface of vein breccia showing sphalerite-cemented breccia cut by at
least two stages of quartz veining. C, Sphalerite-rich vein breccia shows different depositional textures. Quartz-cemented siltstone
breccia with interstitial sphalerite appears to be cut by at least two generations of massive banded sphalerite in quartz-carbonate veins.
D, Galena and quartz with minor sphalerite are in siltstone breccia with quartz matrix.

SILVER-LEAD-ZINC MINERAL OCCURRENCES IN THE HOWARD PASS QUADRANGLE

north of the Ahnoway occurrence (fig. 2). During reconnaissance stream-sediment sampling, sphalerite-bearing
quartz was observed in stream float near the mouth of a
southeast-trending stream. About 2.2 km upstream from
this site, quartz-calcite veins, ranging from 10 to 25 cm
wide, were found in outcrop along the northernmost of two
branching tributaries of the stream (fig. 4). The veins are
hosted in Endicott Group siltstone and sandstone, near a
contact with black shale. Locally, the veins contain abundant pyrite; other sulfide minerals were not observed. About
25 m west of the siltstone-black shale contact is a 7-cmwide, coarse-grained pyrite vein in shale that strikes northwest and dips steeply to the south. TMJ differs from the
Ahnoway and Hohum mineral occurrences in its lack of
mineralized breccias, its abundance of pyrite, and its lack
of base-metal sulfide minerals.
Nearly all vein samples from this locality have high
As (31-180 ppm) and Ni concentrations (140-480 ppm)
that are probably contained in pyrite (table 1). Low concentrations of Pb in all samples reflect the absence of galena. However, elevated concentrations of Zn (as much as
650 ppm) in one pyrite-bearing quartz-calcite vein sample
and the presence of sphalerite-bearing quartz in float down-
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stream from the vein outcrop suggest that fine-grained
sphalerite may be present in the veins.
WEST SAFARI CREEK

Concretions in Lower Mississippian black shale (Kayak
Shale; fig. 5) occur at stream level along a western tributary of Safari Creek about 10 km northeast of the TMJ
mineral occurrence (fig. 2) in the Howard Pass B-4 quadrangle (SEV4 sec. 26, T. 12 S., R. 4 E.). The concretions
are exposed over a horizontal distance of about 15m along
the east bank of the stream. During stream-sediment sampling, abundant concretions were found in float and traced
0.4 km upstream to outcrop.
The concretions range in diameter from 7 cm to 0.3 m.
They are filled with abundant coarse-grained white calcite
that apparently formed in open spaces and cracks in semiconsolidated mudstone, probably during compaction and
diagenesis. Sparse clots of sulfide minerals in the core, or
less commonly toward the rim, occur in some concretions.
The most common sulfide mineral is coarse red-brown
sphalerite, although a trace of galena was observed in one

Figure 4. The TMJ occurrence consists of pyritebearing quartz-calcite
veins cutting siltstone and
sandstone of the Endicott
Group.
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concretion. Secondary red-orange iron oxides have formed
along the rims of some of the largest concretions.
The concretions contain 28 percent Fe, 3.7 percent Ca,
and 84 ppm Zn (table 1; Kelley and others, 1996). Concretions similar to these were found at one locality in the
Killik River quadrangle (Kelley and Mull, 1995) and at
four localities in the Chandler Lake quadrangle (Kurtak
and others, 1995) to the east, suggesting that metal-rich
concretions are prevalent throughout the extent of the Kayak
Shale.

OTHER OCCURRENCES
Several other occurrences of galena- and (or) sphalerite-rich veins and breccias were found during follow-up
geochemical investigations. Most of these consisted of one
or two large (10-50 cm) mineralized boulders that were
probably the source of the stream-sediment and heavy-mineral-concentrate geochemical anomalies; the outcrop sources
for these boulders were not identified. Geochemical analyses for these occurrences, listed by sample number, are
given in table 1; sites are shown in figure 2.

DISCUSSION
The vein-breccia and sulfide-bearing concretion occurrences form an east-west-trending belt in the southern part
of the Howard Pass quadrangle that lies within a more
broadly defined silver-lead-zinc province (fig. 1). Stratiform sedimentary exhalative massive sulfide (SEDEX) deposits within the province were formed at least in part
syngenetically with their enclosing Mississippian and Pennsylvanian host rocks (Moore and others, 1986; Werdon,
1996). Most vein breccias are discordant but strata-bound
in clastic rocks of the Upper Devonian and Mississippian
Endicott Group (fig. 2). The vein breccias are rich in silver
(as much as 230 ppm), lead (as much as 100,000 ppm), and
zinc (as much as 200,000 ppm), and they may also contain
anomalous concentrations of gold (as much as 0.15 ppm)
and copper (as much as 3,300 ppm). They characteristically lack significant concentrations of barium. In contrast,
SEDEX deposits (for example, Drenchwater) are not associated with anomalous concentrations of gold and copper
but contain highly anomalous concentrations of barium
(Kelley and others, 1992). Goodfellow and others (1993)

Figure 5. The West Safari Creek mineral occurrence consists of iron-rich
concretions in black shale
of Early Mississippian
age. Cores of some concretions contain sparse,
red-brown sphalerite, and
one concretion contains
galena.
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suggested that feeder zones that are discordant with their
associated stratiform bodies typically contain lower Zn/Pb,
Pb/Ag, Fe/Zn, and Ba/Zn ratios than the stratiform sulfide
bodies themselves. The contrasting geochemical signatures
of the vein breccias and shale-hosted massive sulfides at
Drenchwater may reflect geochemical zoning, with the
feeder zones (that is, the vein breccias) containing a different geochemical signature than overlying stratiform sulfides. These geochemical data suggest a genetic relationship
between the two types of mineral occurrences and imply
that both types formed primarily during Mississippian and
Pennsylvanian time. Geologic mapping and isotopic data
indicate that most vein-breccia occurrences are similar in
age to SEDEX deposits in the central and western Brooks
Range (Werdon and others, 1996), which further supports
this interpretation. An alternative explanation by Kurtak
and others (1995) and Werdon and others (1996) is that
some of the vein breccias were formed by remobilization
of metals from disseminated sources in the Endicott Group
during the Jurassic to Cretaceous Brooks Range orogeny.
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Areas Favorable for Metallic Mineral Resources and Newly
Discovered Mineral Occurrences in the Buckstock Mountains
Area, Southwestern Alaska
By John E. Gray and Peter M. Theodorakos

ABSTRACT
The Buckstock Mountains area is located in the southwestern Sleetmute I°x3° quadrangle and is remote and
poorly studied. Few mineral occurrences are known in the
Buckstock Mountains, but the geology is similar to that of
other areas in southwestern Alaska where polymetallic AuAs-Sb-W vein and Hg-Sb vein deposits are found. We
conducted a drainage-basin geochemical survey in the
Buckstock Mountains area and collected stream-sediment
and heavy-mineral-concentrate samples from 313 sites.
These samples were chemically analyzed for several trace
elements; in addition, the heavy-mineral-concentrate samples
were microscopically examined for their mineralogical content. The resultant data were interpreted in order to identify
areas favorable for metallic mineral resources in the
Buckstock Mountains and surrounding areas. In a few of
these areas, mineralized stream cobbles or outcrops of
mineralized rocks were found.
Samples collected from seven areas in the Buckstock
Mountains contain anomalous concentrations of Au, Ag,
As, B, Bi, Cu, Hg, Sb, Sn, or W; these areas are considered
favorable for polymetallic vein deposits. Five of these areas contain significant gold concentrations that indicate the
possibility of upstream polymetallic gold vein lodes. Four
areas delineated as favorable for the presence of Hg-Sb
vein lodes are found on the periphery of the Buckstock
Mountains. In these four areas, the most consistent anomalies are Hg in stream-sediment samples and cinnabar in
heavy-mineral-concentrate samples. Generally, in the areas
delineated as favorable for metallic mineral deposits, Late
Cretaceous and Tertiary granite porphyry dikes cut Cretaceous sedimentary rocks of the Kuskokwim Group or Cretaceous and Triassic sedimentary and volcanic rocks of the
Gemuk Group.

INTRODUCTION
The Buckstock Mountains are located about 60 km
southeast of Aniak in the southwestern Sleetmute I°x3°
quadrangle (fig. 1). The Buckstock Mountains are favor-

able for metallic mineral resources because these mountains contain rocks similar to those found at the nearby
Fortyseven Creek polymetallic Au-As-Sb-W vein lode
(Hawley, 1989) and at epithermal Hg-Sb vein lodes found
throughout southwestern Alaska (Sainsbury and MacKevett,
1965). However, few metallic mineral occurrences have
been previously reported in the Buckstock Mountains, probably because few geologic, geochemical, and geophysical
studies have been conducted in this area. In 1993 and 1994,
a geochemical survey was conducted in the southwestern
part of the Sleetmute quadrangle as part of the Alaskan
Mineral Resource Assessment Program (AMRAP). The survey covered about 2,200 km2 and included the Buckstock
Mountains and surrounding areas.
Reconnaissance drainage-basin geochemical surveys are
a rapid and efficient means of locating areas with possible
mineral deposits. The objective of this study was to use
both geochemical data from stream-sediment samples and
geochemical and mineralogical data from heavy-mineralconcentrate samples to identify areas favorable for the presence of mineral deposits. This report delineates drainage
basins containing samples with anomalous concentrations
of Au, Ag, As, B, Bi, Cu, Hg, Sb, Sn, or W. The presence
of highly anomalous concentrations of these elements may
indicate that mineral deposits such as polymetallic Au-AsSb-W vein and epithermal Hg-Sb vein deposits are present
upstream. At some localities, mineralized rocks were found
in the streams or in outcrops near the headwaters of the
streams; these sites are delineated as newly discovered mineral occurrences.

GEOLOGY
The geology of the Buckstock Mountains consists
largely of sedimentary and volcanic rocks of the Triassic
and Cretaceous Gemuk Group, sedimentary rocks of the
Cretaceous Kuskokwim Group, and Late Cretaceous and
early Tertiary mafic to felsic volcanic rocks, small granitic
intrusions, and granite porphyry dikes and sills (fig. 2; Cady
and others, 1955; Miller and others, 1989). The Gemuk
Group consists of massive siltstones interbedded with lesser
111

112

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

amounts of chert, andesitic flows and tuffs, and thin
interbeds of limestone, graywacke, and breccia (Cady and
others, 1955). Fossils from these rocks are of Late Triassic
and Cretaceous age (Cady and others, 1955). These rocks
represent deep-marine to shallow-water and subaerial fades (Cady and others, 1955; Miller and others, 1989) and
are part of the Hagemeister subterrane of the Togiak terrane (Box, 1985). Rocks of the Togiak terrane have undergone prehnite-pumpellyite to low-grade greenschist-facies
metamorphism, but they lack a penetrative metamorphic
fabric (Decker and others, 1994). The Togiak terrane represents an accreted subduction-related, intraoceanic arctrench complex (Box, 1985; Wallace, 1983; Decker and
others, 1994).
The Kuskokwim Group is a sequence of flysch representing turbidite fan, foreslope, shallow-marine, and shelf
facies formed primarily by turbidity currents depositing
detritus into an elongate, northeast trending, fault-controlled
Cretaceous basin (Decker and Hoare, 1982; Bundtzen and
Gilbert, 1983; Miller and Bundtzen, 1994). The Kuskokwim
Group was first described by Cady and others (1955), who
suggested that graywacke and lesser siltstone compose almost all of the sequence, and that graywacke is about twice
as abundant as siltstone. Conglomerates and interbeds of
volcanic tuffs and flows of intermediate composition are
found locally (Cady and others, 1955; Miller and Bundtzen,
1994). Paleontological evidence and radiometric K-Ar dating indicate that rocks of the Kuskokwim Group range in
age from Albian to Campanian (Cady and others, 1955;
Hoare and Coonrad, 1959; Box and Murphy, 1987; Box
and Elder, 1992; Miller and Bundtzen, 1994). The
Kuskokwim Group is postaccretionary, overlying rocks of
adjacent tectonostratigraphic terranes (Miller and others,
1989).
Late Cretaceous and early Tertiary hypabyssal granite
porphyry intrusions are common in the Buckstock Mountains. Granite porphyry dikes and sills cut all rock types in
the study area but most commonly intrude sedimentary rocks
of the Kuskokwim Group (fig. 2). In southwestern Alaska,
granite porphyry intrusions are generally peraluminous in
composition, with A12O3 exceeding Na20+K20+CaO, and
locally they contain garnet (Bundtzen and Swanson, 1984;
Moll-Stalcup, 1994). Granite porphyries in the Buckstock
Mountains and throughout southwestern Alaska range in
age from 72 to 62 Ma (Reifenstuhl and others, 1984;
Robinson and Decker, 1986; Decker and others, 1986, 1995;
Miller and Bundtzen, 1994). In the Buckstock Mountains,
granite porphyry dikes generally trend southwest and are
steeply dipping (Cady and others, 1955). Although typically small in outcrop, these intrusions are important in
southwestern Alaska because they show a close spatial association with Au-As-Sb-W vein and Hg-Sb vein lodes
(Cady and others, 1955; Gray and others, 1992).
Mafic to felsic volcanic rocks are found in the northeastern part of the study area (fig. 2). These rocks are

generally volcanic flows interbedded with lesser tuff, agglomerate, and minor lahar units (Cady and others, 1955).
Rocks of mafic composition are most common, but intermediate and felsic compositions are also present (Miller
and others, 1989). These volcanic rocks have not been dated
in the study area, but similar rocks located elsewhere in the
Sleetmute quadrangle are Late Cretaceous and early Tertiary in age based on K-Ar determinations ranging from
about 75 to 64 Ma (Reifenstuhl and others, 1984; Robinson
and others, 1984; Robinson and Decker, 1986).
Small granitic intrusions are also found in the eastern
part of the study area. The intrusions consist of monzonite,
quartz monzonite, granodiorite, or granite, and they cut
sedimentary rocks of the Kuskokwim Group. These small
granitic intrusions have not been dated in the Buckstock
Mountains, but similar rocks elsewhere in the Sleetmute
quadrangle are Late Cretaceous and early Tertiary in age
based on K-Ar determinations ranging from about 68 to 64
Ma (Decker and others, 1984; Reifenstuhl and others, 1984;
Robinson and others, 1984; Robinson and Decker, 1986).

MINERAL OCCURRENCES
Only three mineral occurrences have been reported in
the Buckstock Mountains area. Cady and others (1955) reported that placer gold was prospected or known on Gold
Run, Girl, and Timber Creeks (fig. 1), but the exact location of the gold occurrences on these creeks was not given.
In the region surrounding the Buckstock Mountains are
several polymetallic Au-As-Sb-W vein and Hg-Sb vein
lodes. For example, the Fortyseven Creek polymetallic AuAs-Sb-W vein lode is located about 20 km east of the
Buckstock Mountains, on the ridge crest at the headwaters
of Fortyseven Creek, a tributary of the Holitna River (fig.
1). At Fortyseven Creek, rocks consist of interbedded
graywacke and shale of the Kuskokwim Group (Cady and
others, 1955). An altered granite porphyry dike cuts these
rocks near the lode (Hawley, 1989). The Fortyseven Creek
lode consists of massive, hydrothermal, quartz-rich veins
in sheared and faulted sedimentary rocks. The veins contain arsenopyrite, scheelite, wolframite, jamesonite, argentite, stibnite, pyrite, and gold, as well as locally abundant
coarse sericite and minor tourmaline (Hawley, 1989). Mineralized samples contain as much as 34 ppm Au (Hawley,
1989). The lode has not been mined, but 27.7 kg of gold
(891 oz) have been recovered from a placer mine downstream from the lode on Fortyseven Creek (Hawley, 1989).
Similar polymetallic vein lodes containing arsenopyrite,
pyrite, chalcopyrite, bornite, sphalerite, galena, marcasite,
tetrahedrite, gold, bismuthanite, stephanite, cassiterite,
scheelite, barite, or wolframite are known in the Russian
Mountains (fig. 1) (Bundtzen and Laird, 1991), the Horn
Mountains (Bundtzen and others, 1993), and throughout
southwestern Alaska (Bundtzen and Miller, in press). Many
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of these polymetallic mineral occurrences contain significant concentrations of gold, although some contain little or
no gold.
Numerous epithermal Hg-Sb vein lodes are scattered
throughout southwestern Alaska. Cinnabar and stibnite are
the dominant ore minerals, with lesser amounts of realgar,
orpiment, native mercury, pyrite, gold, limonite, and hematite (Sainsbury and MacKevett, 1965; Gray and others,
1990). Gangue is typically quartz, carbonate, dickite, and
sericite. The deposits are found in a variety of sedimentary
and igneous rocks, but commonly they show a close spatial
and temporal association with Late Cretaceous and Ter-
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tiary igneous rocks (Gray and others, in press). Most of the
Hg-Sb lodes are small, consisting of veins a few centimeters wide that extend for strike lengths of only a few meters.
However, at Red Devil, the largest mercury mine in Alaska,
veins exceeded a meter in width and 100 m in length
(MacKevett and Berg, 1963). Red Devil produced about
36,000 flasks of mercury (1 flask = 76 Ib or 34.5 kg) (Miller
and others, 1989). Several other smaller mercury mines are
found throughout southwestern Alaska (Sainsbury and
MacKevett, 1965). Mercury mines with recorded production located near the Buckstock Mountains include Cinnabar Creek (525 flasks; Nokleberg and others, 1987),
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Mountain Top (165 flasks; Miller and others, 1989), and
Kolmakof (2 flasks; Cady and others, 1955) (fig. 1). Total
mercury production from mines in southwest Alaska is about
41,000 flasks (Miller and others, 1989). The high concentrations of Hg, Sb, and As in minus-80-mesh stream-sediment samples and the presence of cinnabar in nonmagnetic
heavy-mineral-concentrate samples collected downstream
from Hg-Sb vein lodes are diagnostic indicators for this
type of deposit (Gray and others, 1991). The presence of
polymetallic Au-As-Sb-W and Hg-Sb mines, prospects, and
mineral occurrences in areas with similar geology to that in
the study area suggests that the Buckstock Mountains are
favorable for similar mineral deposits.

GEOCHEMICAL SAMPLING
TECHNIQUES AND SAMPLE
PREPARATION
Stream-sediment and panned concentrate samples were
collected from the active stream channel at 313 sites (fig.
3). Stream sediment was screened to minus-10 mesh (2
mm) and collected in a 14-in. stainless-steel gold pan. Generally, about 2 kg of sediment was taken from the pan and
saved as the stream-sediment sample. The pan was refilled
with stream sediment and panned until most of the less
dense minerals, organic materials, and clay were removed.
In some places, stream cobbles or rocks from outcrops found
upstream that appeared to be mineralized were also collected when samples large enough for geochemical analysis could be obtained.
In the laboratory, each stream-sediment sample was
dried below 40°C, sieved to minus-80 mesh, pulverized,
and chemically analyzed. Collected rock samples were
crushed, pulverized, and chemically analyzed. The panned
concentrate samples were further separated using bromoform
to remove any remaining lighter minerals, primarily quartz
and feldspar, then separated magnetically into magnetic,
paramagnetic, and nonmagnetic heavy-mineral fractions.
The nonmagnetic heavy-mineral fractions were ground and
chemically analyzed, and splits were evaluated microscopically for their mineralogical content. Following bromoform
and magnetic separations, 12 nonmagnetic heavy-mineralconcentrate samples had insufficient material for geochemical analysis, resulting in 307 concentrate samples for
analysis.

ANALYTICAL TECHNIQUES
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(1985). The samples were digested using a series of hydrogen peroxide, hydrofluoric acid, aqua regia, and hydrobromic acid-bromine solutions. Gold was separated and
concentrated by extraction into methyl isobutyl ketone and
determined by flame AAS. Concentrations for Au in the
range of 0.002 to 0.050 ppm were determined by graphite
furnace atomic absorption spectrophotometry (GFAAS) on
samples found to contain less than 0.050 ppm Au by the
flame AAS technique. The GFAAS technique for Au was
adapted from Meier (1980).
Mercury was measured in the stream-sediment and rock
samples using a modified version of the cold vapor AAS
technique (Kennedy and Crock, 1987). The samples were
decomposed with nitric acid and sodium dichromate. Mercury was then reduced to elemental Hg with hydroxylamine
hydrochloride/sodium chloride and stannous chloride in a
continuous-flow system that releases the Hg vapor directly
into an atomic absorption spectrophotometer.
INDUCTIVELY COUPLED PLASMA
SPECTROSCOPY

Concentrations of Ag, As, Sb, Bi, Cd, Cu, Mo, Pb, and
Zn were determined in the stream-sediment and rock
samples by inductively coupled plasma (ICP)-atomic emission spectrometry using the procedure developed by
Motooka (1988). The sediments were decomposed with
concentrated hydrochloric acid and hydrogen peroxide in a
hot-water bath. The metals were extracted in diisobutyl
ketone (DIBK) in the presence of ascorbic acid and potassium iodide. The DIBK phase was then aspirated directly
into the plasma, and element concentrations were determined simultaneously with a multichannel ICP instrument.
Tungsten in stream-sediment samples was determined by a
laser ablation-ICP mass spectrometry technique described
by Lichte (1995).
SEMIQUANTITATIVE EMISSION
SPECTROSCOPY

The nonmagnetic heavy-mineral-concentrate samples
were analyzed by a semiquantitative, direct-current arc emission spectrographic (SQS) technique adapted from Grimes
and Marranzino (1968). The 37 elements Ag, As, Au, B,
Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, La, Mg, Mn,
Mo, Na, Nb, Ni, P, Pb, Pd, Pt, Sb, Sc, Sn, Sr, Ti, Th, V, W,
Y, Zn, and Zr were determined in samples analyzed by
SQS.

ATOMIC ABSORPTION SPECTROPHOTOMETRY
MINERALOGICAL ANALYSIS

Concentrations of Au in the stream-sediment and rock
samples were determined by an atomic absorption spectrophotometry (AAS) technique adapted from Hubert and Chao

Gold, sulfide minerals (such as pyrite, cinnabar, stibnite, and arsenopyrite), and oxide minerals (such as
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scheelite) suggestive of possible upstream mineral occurrences are most commonly found in the nonmagnetic heavymineral-concentrate samples. Using a binocular microscope,
mineral identifications were made in each nonmagnetic
heavy-mineral-concentrate sample, and the amount of each
mineral observed was estimated. These mineralogy data
were used in conjunction with geochemical data from
stream-sediment and heavy-mineral-concentrate samples to
delineate areas with possible mineral deposits.

INTERPRETATIONS
Anomalous concentrations of trace elements and minerals used in this study were determined by identifying
breaks in the frequency distribution for each element or
mineral; these breaks were usually found between the 90th
and 99th percentiles. Selection of anomalous concentrations was also based on examination of background concentration data for various lithologies in southwestern
Alaska. In particular, geochemical data were evaluated from
rocks (McGimsey and others, 1988) and stream-sediment
and heavy-mineral-concentrate samples (Gray and others,
1988) collected in the Iditarod quadrangle where rocks are
similar to those exposed in the Buckstock Mountains area.
A statistical summary of data used in this report is given in
table 1, including anomalous concentrations for certain elements and minerals. Concentrations of Ag, As, Au, B, Bi,
Cu, Hg, Sb, Sn, or W in the stream-sediment, heavy-mineral-concentrate, and rock samples were the most useful
for delineating areas possibly containing mineral occurrences. Abundances of gold, pyrite, cinnabar, stibnite, arsenopyrite, and scheelite in the nonmagnetic heavymineral-concentrate samples were also important.
Geochemical data from the stream-sediment and heavymineral-concentrate samples collected in this study indicate that there are areas with (1) polymetallic As, Ag, Sb,
Bi, Cu, Hg, or W anomalies that also contain significant
Au concentrations; (2) polymetallic anomalies with dominant As, B, Bi, Sb, Sn, or W but without Au; and (3) Hgdominant anomalies (fig. 3). Generally, the areas designated
contain several samples (a cluster of sample sites) with
anomalous concentrations of certain elements or minerals,
but a few important single-site anomalies are also delineated.

AREAS FAVORABLE FOR
POLYMETALLIC VEIN DEPOSITS
Seven areas in the Buckstock Mountains are favorable
for polymetallic vein deposits (fig. 3). Delineation of these
areas is based primarily on geochemical or mineralogical
anomalies in stream-sediment or heavy-mineral-concentrate
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samples. The anomalies are grouped below as polymetallic
metal suites with gold and those without gold. The drainage-basin geochemistry indicates that these areas are favorable for polymetallic Au-As-Sb-W vein lodes, similar to
that at Fortyseven Creek (previously discussed).
AREAS CONTAINING ANOMALOUS Au, Ag, As,
Bi, Cu, Hg, Sb, OR W
AREA Au-1

Samples containing anomalous concentrations of Au,
As, Sb, W, and Hg collected from seven sites are outlined
as area Au-1 (fig. 3). Stream-sediment samples collected in
Au-1 contained as much as 0.030 ppm Au, 250 ppm As,
4.0 ppm Sb, 3.7 ppm W, and 1.9 ppm Hg. Heavy-mineralconcentrate samples contained as much as 500 ppm W, 1
percent scheelite, and 1 percent cinnabar, and three concentrates each contained a grain of gold. At one site in this
area, stream cobbles of oxidized siltstone hornfels contained
small veins of quartz. Rocks in the area consist of sedimentary rocks of the Kuskokwim Group cut by several granite
porphyry dikes (Cady and others, 1955).
AREA Au-2

Area Au-2 is defined by a single site where the collected stream-sediment sample contained 0.006 ppm Au
and 4.4 ppm Sb; the heavy-mineral concentrate contained a
grain of gold. Some stream gravel at this site consisted of
sedimentary hornfels and small fragments of milky quartz
vein, but this material was not collected for analysis. Rocks
found in this area are sedimentary rocks of the Kuskokwim
Group (Cady and others, 1955).
AREA Au-3

Area Au-3 consists of a cluster of eight sample sites
on tributaries of Timber Creek (fig. 3). Stream-sediment
samples collected in this area contained as much as 1.8
ppm Au, 16 ppm Sb, and 62 ppm As. Also in the area, one
heavy-mineral-concentrate sample contained 150 ppm Au
and 10 ppm Ag, and another concentrate contained 700
ppm Sb. The only rocks known in this area are sedimentary
rocks of the Gemuk and Kuskokwim Groups. However,
stream cobbles in this area consisted not only of gray wacke
and siltstone, but also monzonite and granite porphyry, indicating that igneous rocks may cut the sedimentary rocks
upstream. In addition, some stream cobbles of siltstone hornfels containing minor quartz-vein stockworks were observed
at sites in this area. These data indicate that the area is
favorable for polymetallic vein deposits possibly with significant Au.
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Table 1. Statistical summary of selected stream-sediment and heavy-mineral-concentrate data
[AAS, atomic absorption spectrophotometry; ICP, inductively coupled plasma-atomic emission spectroscopy; LA, laser abalation-inductively coupled plasma spectrometry;
SQS, semiquantitative emission spectrography; MIN, mineralogical analysis; , not applicable; < , less than. Element concentrations are in parts per million (ppm)]

Element

1 Detection
2N
ratio

3L

4G

Minimum

50th

Percentile concentrations
90th
95th
99th

Maximum

5 Selected
anomaly

Stream sediments
Au-AAS
Hg-AAS
Ag-ICP
As-ICP
Bi-ICP
Cu-ICP
Pb-ICP
Sb-ICP
Zn-ICP
W-LA

0.16
.93
.50
1.0
.19
1.0
1.0
.74
1.0
.41

363
22
191
0
253
0
0
81
0
186

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

O.002
<.02
<.067
1.6
<.67
4.2
3.2
<.67
33
<1.0

0.002
.06
.10
15
<.67
25
9.5
1.3
88
<1.0

0.002
.17
.20
93
2.5
44
16
3.7
120
3.0

0.007
.35
.27
155
4.4
50
18
5.0
130
4.8

0.21
1.5
.40
270
16
66
21
8.7
160
22

1.8
2.7
.76
320
26
84
29
210
360
33

0.004
.20
.50
90
2.0
80
30
3.0
150
3.0

Nonmagnetic heavy-mineral concentrates
Au-SQS
Ag-SQS
As-SQS
B-SQS
Bi-SQS
Cu-SQS
Pb-SQS
Sb-SQS
Sn-SQS
W-SQS
Zn-SQS
pyrite-MIN
cinnabar-MIN
stibnite-MIN
gold-MIN
arsenopyrite-MIN
scheelite-MIN

.02
.05
.01
.91
.18
.31
.28
.05
.26
.25
.02
.30
.16
.04
.03
.03
.40

296
285
396
1
235
198
151
283
209
203
293
216
259
299
302
301
185

3
5
4
13
5
9
68
7
11
24
6
-~
~
"~

0 <20
<1
0
0 <500
13 <20
8 <20
0 <10
0 <20
0 <200
4 <20
0 <50
0 <500
-0
..
0
0
0
0
-0

<20
<1
<500
200
<20
<10
<20
<200
<20
<50
<500
0
0
0
0
0
0

<20
<1
<500
3000
700
150
50
<200
200
200
<500
<1%
<1%
0
0
0
<1%

<20
300
150
<1
200
10
<500
<500
1,000
>5000
5000
>5000
1,500
>2,000
>2,000
200
1,000
700
100
700
300
<200
5,000
1,000
>2,000
500
>2,000
3,000
500
1,000
<500
1,000
500
1-5%
5-20% 20-50%
<1%
1-5%
5-20%
1-5%
<1%
0
<1%
<1%
0
<1%
<1%
0
1-5%
5-20%
5-20%

20
5
500
5000
500
500
500
200
2,000
200
500
1-5%
1-5%
^stibnite
6gold
^arsenopyrite
1-5%

'Number of uncensored values (those not qualified with N, L, or G) divided by total number of samples analyzed (313 stream-sediment samples, 304 heavy-mineralconcentrate samples, and 310 mineralogy samples).
'Number of samples in which concentrations were not detected at lower limit of determination.
3Number of samples in which concentrations were observed, but less than lower limit of determination.
'Number of samples in which concentrations were observed, but greater than upper limit of determination.
'Anomalous concentrations were selected by identifying breaks in frequency distribution of each data set.
'Any amount of visible gold, stibnite, or arsenopyrite in nonmagnetic heavy-mineral-concentrate samples is considered anomalous.

AREA Au-4

Samples collected from five sites define area Au-4.
The stream-sediment sample collected from the easternmost site contained 0.010 ppm Au and 1.3 ppm Bi, and the
heavy-mineral-concentrate sample from the same site contained 1,000 ppm Bi. One heavy-mineral-concentrate sample

collected from the westernmost site contained 30 ppm Au,
10 ppm Ag, 1,000 ppm W, and as much as 1 percent
scheelite. Rocks in this area consist of sedimentary rocks
of the Kuskokwim Group cut by granite porphyry dikes
(Cady and others, 1955). Altered cobbles of granite porphyry containing minor quartz-vein stockworks were ob-
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served at a sample site in the westernmost Au-4 area. At
another site in the eastern part of Au-4, stream cobbles of
siltstone hornfels with quartz veins contained as much as
130 ppm As, 0.014 ppm Au, and 73 ppm Bi (table 2).
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ppm As, 8.4 ppm Bi, and 3.5 ppm Sb (table 2, #7). Although mineral occurrences have not been previously reported in this area, the drainage-basin geochemistry and
mineralized rock samples indicate that the area is favorable
for polymetallic vein lodes.

AREA Au-5

In the central part of the study area, four subareas
containing anomalous concentrations of gold define area
Au-5. Stream-sediment samples collected in these subareas
contained as much as 1.3 ppm Au, 150 ppm As, 14 ppm
Bi, 8.3 ppm Sb, and 6.9 ppm W. Heavy-mineral concentrates contained as much as 200 ppm Au, 100 ppm Ag, 500
ppm Sb, 3,000 ppm W, and greater than 2,000 ppm Bi.
Several concentrate samples collected from sites on Gold
Run Creek (northernmost subarea) contained single grains
of gold and (or) stibnite and as much as 20 percent scheelite
and pyrite. Several sample sites in this area contained stream
cobbles of mineralized sedimentary-rock hornfels and altered granite porphyry with quartz veins. Mineralized quartz
veins and silicified graywacke hornfels in contact with an
altered and silicified granite porphyry dike (southernmost
Au-5 subarea) were found in an outcrop (table 2, #2) by
tracing a geochemical anomaly upstream on a tributary of
the Buckstock River in this area (fig. 3). Mineralized rock
samples in this subarea contained vein and disseminated
pyrite, arsenopyrite, and as much as 1,100 ppm As, 0.034
ppm Au, 13 ppm Bi, 590 ppm Cu, 1.6 ppm Hg, and 290
ppm Sb (table 2, #2-6). All of the Au-5 subareas are favorable for Au-As-Sb-W polymetallic lodes. In addition, Cady
and others (1955) reported placer gold somewhere on Gold
Run and Girl Creeks. The northernmost and southernmost
Au-5 subareas delineated along these creeks are consistent
with this placer gold, but the areas shown here extend the
area favorable for the occurrence of gold to tributaries adjacent to Gold Run and Girl Creeks.
AREAS CONTAINING ANOMALOUS As, B, Bi, Sb,
Sn, OR W (BUT WITHOUT Au)
AREA P-l

A large cluster of samples defines area P-l (fig. 3). In
this area, samples were collected from numerous sites from
tributaries of the Buckstock River and Timber Creek.
Stream-sediment samples collected in this area contained
as much as 260 ppm As, 4 ppm Sb, 13 ppm Bi, and 33 ppm
W; whereas heavy-mineral-concentrate samples contained
as much as 2,000 ppm Sb, 700 ppm Bi, 1,000 ppm W,
greater than 5,000 ppm B, greater than 2,000 ppm Sn, 1
percent scheelite, and 1 percent stibnite. Rocks in area P-l
are sedimentary rocks of the Kuskokwim and Gemuk
Groups cut by granite porphyry dikes. At one site in this
area, stream cobbles of graywacke hornfels with minor disseminated pyrite were found that contained as much as 150

AREA P-2

Area P-2 is also defined by a large cluster of samples.
In this area, samples were collected from numerous sites
from tributaries of the Buckstock River, Holokuk River,
Girl Creek, and Kogoyuk Creek (fig. 3). Samples collected
in this area are highly anomalous in As, Sb, W, Bi, and B.
Stream-sediment samples collected in this area contained
as much as 320 ppm As, 210 ppm Sb, 26 ppm Bi, and 16
ppm W, whereas heavy-mineral-concentrate samples contained as much as 1,000 ppm As, 5,000 ppm Sb, 1,000 ppm
W, greater than 2,000 ppm Bi, greater than 5,000 ppm B,
and as much as 5 percent scheelite. Rocks in area P-2 are
mostly shale and graywacke of the Kuskokwim Group cut
by several granite porphyry dikes, but minor intermediate
to felsic volcanic rocks are found in the eastern part of area
P-2. Several sample sites in this area contained stream
cobbles of mineralized sedimentary-rock hornfels with
quartz-vein stockworks. These mineralized rock samples
contained vein and disseminated pyrite and as much as 120
ppm As, 7.9 ppm Bi, and 8.0 ppm Sb (table 2, #8-12). The
geology and geochemistry of mineralized rocks in this area
is similar to that of polymetallic vein lodes in southwestern
Alaska, such as the Fortyseven Creek lode. The data presented here indicate that additional polymetallic vein occurrences are likely in area P-2.

AREAS WITH ANOMALOUS Hg
The drainage-basin geochemistry in this study indicates that several areas are favorable for epithermal Hg-Sb
vein deposits, similar to those deposits found throughout
southwestern Alaska. Lode deposits of this type are not
known in these study areas, but geochemical signatures in
samples from these areas are similar to those in known
epithermal Hg-rich vein deposits elsewhere in southwestern Alaska.
AREA Hg-1

Samples collected from 13 sites mostly along Victoria
and Kogoyuk Creeks and their tributaries define area Hg-1
(fig. 3). Stream-sediment samples collected in this area contained as much as 2.7 ppm Hg, and heavy-mineral-concentrate samples contained as much as 5 percent cinnabar and
1 percent stibnite. Two concentrate samples each contained
a grain of gold; one of these concentrates also contained

61
61
61
61
61
61
61
61

61 11 13

612028
612028
61 21 49
61 1552
61 1337
61 24 12

61 0744
61 06 22

Au-5
Au-5
Au-5
Au-5
Au-5
Au-5
Au-5
Au-5

P-l

P-2
P-2
P-2
P-2
P-2
P-2

Hg-3
Hg-3

3313RA
3313RB
3313RC
331 3RD
4509R
4550R
3266R
3032R

303 1R

2.

5.
6.

7.

3097R1
3097R2
9. 3099R
10. 3265R1
11. 4511R
12. 4546R

13. 4527R
14. 4530R

8.

3.
4.

61 1123
61 1123

Au-4
Au-4

3066R1
3066R2

1.

1301
1301
1257
1248
1245
14 14
1600
11 50

Latitude
(° ' ")

Area

Sample
no.

158 1702
158 1724

15831 08
15831 08
1582854
1583417
1582912
1582323

1584241

1583727
1583727
1583723
1583703
1583049
1582644
1582715
1583543

1584931
1584931

Longitiude
(° ' " )

5.4
1,000

50
120
76
20
69
88

150

220
290
710
1,100
5.7
31
70
240

110
130

As
(ppm)

<.002
.050

.008
.004
<.002
.004
<.002
<.002

<.002

.002
<.002
.006
.034
.004
<.002
<.002
<.002

<0.002
.014

Au
(ppm)

<1.0
<1.0

<1.0
<1.0
7.9
<1.0
1.9
5.8

8.4

13
3.4
<1.0
<1.0
<1.0
1.4
<1.0
2.6

2.7
73

Bi
(ppm)

12
0.8

12
7.6
32
64
55
57

27

53
20
590
3.5
45
57
48
58

48
34

Cu
(ppm)

.35
<.02

.02
<.02
<.02
<.02
.04
<.02

<02

<.02
<.02
1.6
.06
<.02
.13
<.02
<.02

<0.02
<.02

Hg
(ppm)

<1.0
6.1

3.7
<.67
1.2
8.0
2.7
2.0

3.5

3.8
7.5
290
16
6.5
5.8
2.9
6.5

1.0
1.1

s
s

s
s
s
s
s
s

s

o
o
s
s
s
s

0

o

s
s

Sample
Sb
(ppm) source

Altered granite with disseminated pyrite
Silicified graywacke with quartz veins and disseminated pyrite

Oxidized siltstone hornfels with 2-cm-wide quartz veins
Altered monzonite with quartz-vein stockworks
Siltstone hornfels breccias with quarz-vein stockworks
Oxidized siltstone hornfels with quartz veins
Siltstone homfels with quartz veins and disseminated pyrite
Graywacke hornfels with quartz-vein stockworks

Graywacke hornfels with disseminated pyrite

Graywacke hornfels with quartz veinlets
Graywacke hornfels with quartz veinlets
Silicified granite porphyry with iron oxide
Pyrite-arsenopyrite in vuggy quartz veins in granite porphyry
Silicified siltstone hornfels with disseminated pyrite
Silicified graywacke hornfels with disseminated pyrite
Siltstone hornfels with quartz-vein stockworks
Graywacke hornfels with quartz veins

Siltstone hornfels with quartz-vein stockworks
Siltstone hornfels with 5-cm-wide quartz vein

Description

[Newly discovered mineral occurrences are numbered and shown on figure 3; As, Bi, Cu, and Sb analyzed by inductively coupled plasma-atomic emission spectroscopy; Au and Hg analyzed by atomic absorption spectrophotometry;
Sample sources as follows: o, outcrop; s, stream cobble]

Table 2. Trace element concentrations in mineralized rock samples collected from newly discovered mineral occurrences in the Buckstock Mountains
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AREAS FAVORABLE FOR METALLIC MINERAL RESOURCES AND NEWLY DISCOVERED OCCURRENCES

300 ppm Au and 200 ppm Ag. Rocks in this area are sedimentary rocks of the Kuskokwim Group cut by granite
porphyry dikes (Cady and others, 1955).
AREA Hg-2

Samples collected from tributaries of the Buckstock
River define two small subareas that together define area
Hg-2 (fig. 3). Stream-sediment samples collected in these
subareas contained as much as 1.6 ppm Hg. Heavy-mineral-concentrate samples collected in area Hg-2 contained
as much as 20 percent cinnabar, and one concentrate sample
contained a grain of gold. Stream cobbles at sample sites in
this area consist of siltstone containing small quartz veins,
but these rocks were not collected. Rocks in this area are
generally sedimentary rocks of the Kuskokwim Group cut
by granite porphyry dikes (Cady and others, 1955).
AREA Hg-3

Four separate subareas are designated area Hg-3 (fig.
3). In these subareas, stream-sediment samples collected
from Boss, Egozuk, and Oksotalik Creeks and their tributaries contained as much as 0.80 ppm Hg, 5.7 ppm Sb, and
0.35 ppm Au. Heavy-mineral concentrates collected in Hg3 subareas contained as much as 1 percent each of cinnabar
and pyrite. In the easternmost subarea, a stream cobble of
altered and oxidized granite with disseminated pyrite (table
2, # 13) contained 0.35 ppm Hg, and a stream cobble of
silicified graywacke with pyrite (table 2, #14) contained
1,000 ppm As and 0.050 ppm Au. In addition, at several
sites in area Hg-3, fragments of quartz veins were observed
in stream gravels. Rocks in these drainage basins are generally sedimentary rocks of the Kuskokwim Group (Cady
and others, 1955).
AREA Hg-4

Anomalous area Hg-4 is a small region defined by
four sample sites on tributaries of Timber Creek in the
southwestern part of the study area (fig. 3). Stream-sediment samples collected in Hg-4 contained as much as 0.20
ppm Hg, and heavy-mineral-concentrate samples contained
as much as 1 percent cinnabar and stibnite. Altered or mineralized rocks were not found in this area. Rocks in area
Hg-4 are sedimentary rocks of the Gemuk Group and granite porphyry (Cady and others, 1955).

SUMMARY
Several areas were identified as favorable for the occurrence of metallic mineral deposits in this drainagebasin geochemical and mineralogical study of the Buckstock
Mountains area. Stream-sediment, heavy-mineral-concen-
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trate, and mineralized rock samples were collected from
these areas and contained anomalous concentrations of Au,
Ag, As, B, Bi, Cu, Hg, Sb, Sn, or W; heavy-mineral concentrates in some areas contained microscopically visible
gold, cinnabar, stibnite, arsenopyrite, pyrite, and scheelite.
Few mineral occurrences were known in the study area
prior to our study; only minor placer gold was previously
reported on three streams. Our data suggest that the delineated areas are favorable for the presence of polymetallic
As-Sb-W±Au vein lodes, Hg-Sb vein lodes, or minor placer
gold occurrences. Throughout southwestern Alaska, AuAs-Sb-W vein deposits (such as Fortyseven Creek) and
Hg-Sb deposits (such as Red Devil) are found in areas with
geology and geochemistry similar to that of the Buckstock
Mountains, indicating that undiscovered deposits of this
type are possible in the areas delineated.
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Paleocene Molybdenum Mineralization in the Eastern Coast
Batholith, Taku River Region, and New Age Constraints on
Batholith Evolution
By Lance D. Miller, Richard J. Goldfarb, Lawrence W. Snee, William C. McClelland and
Paul D. Klipfel

ABSTRACT
Argon dating of hydrothermal muscovite at the Boundary Creek 2 molybdenite occurrence north of Taku Inlet
indicates that molybdenite was formed at or later than
59.7±0.1 Ma. This new date, as well as those U-Pb ages of
zircons separated from samples of nearby plutons of the
Coast batholith, indicate that molybdenum mineralization
was coeval with compressional tectonism and is similar in
age to many of the molybdenum porphyry occurrences in
nearby British Columbia. The Boundary Creek 2 mineral
occurrence in the northern part of southeastern Alaska is
not related to the Oligocene molybdenite-bearing extensional magmatism of the southern part of southeastern
Alaska, as previously hypothesized.

INTRODUCTION
Numerous molybdenite occurrences are distributed
throughout intrusive rocks in southeastern Alaska in the
Taku River region near the Canadian border (fig. 1). These
mineral occurrences, spread along a 40-km-long stretch,
are hosted by various stocks that make up the eastern side
of the Coast batholith. They are mainly localized within
granitic, granodioritic, and other leucocratic phases of the
intrusive rocks. Molybdenite mineral occurrences recognized in the area (fig. 1) include Boundary Creek 1 (Brew
and Ford, 1969), Boundary Creek 2 (Koch and others, 1987),
Nan (Souther, 1971), and Yehring Creek (Clough, 1990).
Previous to our investigation, ages for the molybdenite
occurrences in this area were unknown. Beley (1980) mentioned a K-Ar date of 69 Ma in association with the igneous rocks at the Nan prospect, but no information was
given on what mineral was dated. More significantly, the
sample site for the dated rock appears to be 25 km west of
the Nan prospect. In addition, Brew and Ford (1969) correlated the intrusive host rocks at the Boundary Creek 1 mineral occurrence with the granodiorite at Turner Lake, located
about 25 km to the south. The Turner Lake pluton has a

50±2 Ma age by U-Pb methods (Gehrels and others, 1984).
Koch and others (1987) stated that the plutonic rocks at the
Boundary Creek 2 mineral occurrence could be no older
than 50 Ma because the rocks, in part, appeared similar in
composition to the Turner Lake pluton. They further suggested that alkalic phases of the plutonic suite at the Boundary Creek 2 occurrence, the host for the molybdenite, are
compositionally similar to the Oligocene plutonic rocks that
host the world-class Quartz Hill molybdenum porphyry deposit 450 km to the south. Because of this compositional
similarity, Koch and others (1987) hypothesized that these
more northerly molybdenite occurrences might be similar
to the Miocene-Oligocene Quartz Hill deposit with molybdenite ages of 30-15 Ma. If true, such a correlation would
be highly significant in regard to the molybdenite mineralresource potential of southeastern Alaska. Rather than a
very localized extensional event in the southern part of
southeastern Alaska being responsible for intrusion of the
Quartz Hill porphyry, a major extensional episode could
have impacted much of the length of the Coast batholith in
the late Tertiary. Extension-related alkalic magmatism could
produce a extensive mineral belt favorable for the occurrence of Quartz Hill-type porphyry deposits.
In addition to a lack of ages on the molybdenite occurrences, there has been only limited data available for the
absolute ages of plutonic rocks of the Coast batholith to the
northeast of Juneau. U-Pb geochronology in Gehrels and
others (1991) confirmed the 50±2 Ma date for the Turner
Lake pluton and determined a 58.610.9 Ma crystallization
age for the Annex Lake tonalite-granodiorite complex located 10 km to the southwest of the Turner Lake pluton.
These data collected from sites along Taku Inlet agree, as
do additional age data from rocks collected to the west by
Gehrels and others (1991), with the general younging-tothe-northeast pattern that characterizes much of the Coast
batholith. Based on this trend for the batholith and on the
general association of the molybdenite occurrences with
relatively felsic igneous phases, the belt of molybdenite
mineral occurrences might logically be assumed to be no
older than middle Eocene (about 50 Ma). However, no
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ages have been published prior to this work for the igneous
rocks that compose the relatively inaccessible, high peaks
of the Juneau ice field near the Canadian border.

lowly emplaced tonalitic to granitic intrusions (Brew, 1994).
Roof pendants (mainly high-grade metamorphosed
sedimentary rocks of the Yukon-Tanana terrane; Miller and
others, 1994) and dikes of mafic rocks, pegmatite, and aplite
are common throughout this part of the batholith (Brew,
1994). Propylitic alteration of the plutons to the east of
Juneau is widespread, particularly along 30°- to 60°-trending joints. Some of the late dikes, as well as disseminations
and fracture fillings of pyrite, with lesser chalcopyrite and

GEOLOGY AND MINERAL
OCCURRENCES
The interior part of the northern Coast batholith that
hosts the molybdenum occurrences includes a series of shal-

Mt.

58°45'

JUNEAU
ICE
FIELD

Devil's Paw\ p0|ari
Taku
gold
Boundary Y
xmme
Creek 1 A
Boundary
Creek 2

A
Mt. Ericksen

58C

Yehring Creek
Turner
Lake
pluton

Late Cretaceous-Paleocene
tonalite pluton (western
margin of Coast batholith)

Douglas
Island

134°

134°30'

EXPLANATION
)(

Prospects and mineral occurrences

/\

Mines
Pluton

A

Other sites referenced in this paper

Figure 1. Location of the Boundary Creek 2 and other molybdenum occurrences in the north part of the Coast
batholith, southeastern Alaska. Also shown are the locations of the camp-10 and camp-18 granodiorite bodies.
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traces of molybdenite, are associated with the joint sets
(Klipfel, 1981).
The molybdenite occurrences in the study area are genetically associated with late, differentiated igneous phases.
At the Nan prospect, Souther (1971) described molybdenite clots and fracture coatings restricted to aplite dikes and
hydrothermally altered felsite. Molybdenite, along with ironand copper-bearing sulfide minerals, is found in a quartz
monzonite plug adjacent to its contact with a granodiorite
stock at Yehring Creek (Clough, 1990). The mineral occurrence at Yehring Creek is fracture controlled along northeast-striking, subvertical joints. Granite float in the adjacent
drainages also contains minor molybdenite. In the Boundary Creek area, the molybdenite occurrences are hosted by
a highly altered and iron-stained, north- to northeast-trending aplite "dikelike unit" (Brew and Ford, 1969) and alkali
granites (Koch and others, 1987).
Our field studies revealed that molybdenite at the
Boundary Creek 2 mineral occurrence is localized along
two sets of fractures that strike northeast and east-northeast
and dip steeply. The most pervasive fracture set is oriented
80°-85° and dips 70° N.; the second set strikes 45°-50°and
dips to the southeast at 56°-75°. Alteration associated with
these joint sets includes epidote fracture coatings. Molybdenite occurs as coarse-grained rosettes associated with
muscovite on fracture surfaces. A sample of molybdenitebearing alaskite at the mineral occurrence contains 4,800
ppm Mo, 250 ppm Ag, 210 ppb Au, and 1,600 ppm Pb
(Clough, 1990).

METHODS
To determine the age of molybdenite mineralization,
we sampled a biotite-rich, molybdenite-bearing granite dike
at the Boundary Creek 2 mineral occurrence. Along the
more altered parts of the dike, most of the coarse biotite
had been replaced by hydrothermal muscovite. For argon
thermochronology study, we separated both the fresh-looking, magmatic biotite and the muscovite from samples of
the dike. To determine the age of .nearby plutons, we
sampled granodiorite bodies rising above the Juneau ice
field at camp-10 (20 km west of the Boundary Creek occurrences) and at camp-18 (the Gilkey pluton, 35 km northwest of the Boundary Creek occurrences). Hornblende,
biotite, and zircon were separated from the two sampled
granodiorite bodies for isotopic dating.
Dates on the biotite, muscovite, and hornblende mineral separates (table 1) were determined using 40Ar/39Ar
techniques as described in Snee and others (1988). U-Pb
analyses of zircons separated from the granodiorite samples
were conducted at the University of California at Santa
Barbara using methods outlined by Mattinson (1994). The
U-Pb data are summarized in table 2.
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AGE RELATIONS
The 40Ar/39Ar dates of micas associated with molybdenite at the Boundary Creek 2 mineral occurrence are
interpreted to indicate that the molybdenum mineralization
was probably Paleocene (about 60-63 Ma) and certainly no
younger. Analysis of biotite from the Boundary Creek 2
sample yielded a highly disturbed profile (fig. 2), with the
suggestion of an age from the middle part of the Paleocene
(about 63 Ma). In contrast, an extremely well-defined plateau for the muscovite (fig. 2) from the mineral occurrence
yielded a date of 59.7±0.1 Ma. This date indicates that
alteration of the dike and associated molybdenite mineralization occurred in the late Paleocene.
New dates for the plutons (table 2) near the center of
the batholith indicate that some of the voluminous magmatic activity was older than the one middle Eocene (50
Ma) pluton at Turner Lake dated by Gehrels and others
(1984, 1991). A crystallization age of 53.0 +_Q2 Ma is interpreted for the granodiorite at camp-18 on the basis of linear regression of discordant conventional U-Pb analyses
and partial-dissolution results (table 2, fig. 3). Relatively
rapid cooling following early Eocene emplacement of the
stock is suggested by a slightly younger hornblende 40Ar/
39Ar cooling age of 51.48±0.15 at camp-18 (table 1). The
discordant, apparently older biotite date is interpreted to
reflect the effect of 39Ar recoil from alteration chlorite. A
U-Pb crystallization age of 57.5±0.7 Ma interpreted for the
granodiorite at camp-10, also based on regression and partial-dissolution results (table 2, fig. 3), shows that major
granodioritic pulses in the center of the batholith were at
least as old as latest Paleocene. The 40Ar/39Ar age spectra
of both the hornblende and biotite from this sample are
disturbed (table 1), but the dates are grossly equivalent to
the U-Pb age for the camp-18 sample and reveal that much
of the central part of the batholith that is now exposed
within the Juneau ice field cooled below 300°C (the closing temperature of biotite) by the end of the early Eocene
(53-52 Ma). These new ages of magmatism for the more
evolved central and eastern part of the batholith are consistent with recent data from Mt. Ericksen in westernmost
British Columbia, a few kilometers east of the junction
between the Taku and Tulsequah Rivers (fig. 1). At that
location, Mihalynuk and others (1996) describe a quartz
monzonite porphyry with a U-Pb age of 53.5±0.7 Ma.

DISCUSSION
Our new age data for a molybdenite occurrence from
the Boundary Creek area reveal a temporal correlation with
the bulk of the quartz monzonite-type molybdenum porphyry systems in western British Columbia. Emplacement
ages for these subduction-related mineralized systems clus-
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ter around 55 Ma (Dawson and others, 1992, fig. 19.15),
overlapping the age of the final stages of compressional
tectonics in this part of the Cordillera. The style of miner-

alization in the northern Coast batholith can be best classified within the differentiated monzogranite suite of lowgrade molybdenum porphyry deposits of Carten and others

Table 1. 40Ar/39Ar data for mineral separates from the Boundary Creek 2 molybdenum occurrence and the camp-10 and camp18 granodiorites, northern part of the Coast batholith, southeastern Alaska
Temp.
(°C)

2Radiogenic
40Ar

2K-derived
39Ar

40ArR/39ArK3

39Ar/37Ar4

Radiogenic
yield
(percent)

Percent
39Ar

Apparent age
and error5
(Ma)

93RG52C; BIOTITE; BOUNDARY CREEK 2 DIKE
Total-gas date : 65.0+0.2Ma; no plateau; isochron date (800-1,300°C): 65.2+0.6 Ma; (40Ar/36Ar)i=449±42
7=0.007531,+0.1 percent; wt., 51.1 mg
650
750
800
850
900
950
1000
1050
1100
1150
1300

0.0584
.9143
1.3130
1.4084
1.6544
1.3812
1.4697
1.4209
2.2652
2.9032
3.3067

0.0347
.2468
.2443
.2817
.3459
.2898
.3090
.2933
.4147
.5612
.6920

1.69
3.70
5.38
5.00
4.78
4.77
4.76
4.84
5.46
5.17
4.78

40
67
180
267
323
449
145
101
86
62
11

24.1
82.5
83.3
97.6
99.3
98.8
97.9
96.5
96.7
97.8
98.0

0.9
6.6
6.6
7.6
9.3
7.8
8.3
7.9
11.2
15.1
18.6

22.8+1.9
49.65±0.08
71.6±0.3
66.7+0.2
63.84+0.10
63.6±0.2
63.49+0.10
64.65+0.10
72.72+0.11
68.95+0.11
63.78+0.10

93RG52A; MUSCOVITE; BOUNDARY CREEK 2 DIKE
Total-gas date: 59.71+0.16 Ma; plateau date: 59.71+0.14 Ma (850-1,300°C)
/=0.007547,+0.1 percent; wt., 67.2 mg
600
700
750
800
850P
900P
950P
1000P
1050P
1100P
1150P
1300P

0.0136
.1356
.2041
.3879
.7422
3.1216
4.9095
3.3397
1.9059
1.6872
1.4891
.7592

0.0045
.0277
.0469
.0877
.1664
.7007
1.1022
.7485
.4266
.3773
.3342
.1704

3.02
4.90
4.36
4.42
4.46
4.46
4.45
4.46
4.47
4.47
4.46
4.45

.

12
-37
200
495
562
1332
406
652
---

13.0
70.2
44.0
77.8
88.9
96.5
98.8
98.5
97.8
98.0
98.7
97.6

0.1
.7
1.1
2.1
4.0
16.7
26.3
17.9
10.2
9.0
8.0
4.1

40.6+28.3
65.4±0.8
58.3+1.0
59.2+0.4
59.7+0.3
59.66±0.09
59.65±0.09
59.75±0.09
59.83+0.09
59.88+0.09
59.67+0.12
59.64+0.17

93RG58; HORNBLENDE; CAMP-18 GRANODIORITE
Total-gas date: 51.73+0.19 Ma; plateau date: 51.48±0.15 Ma (1,125-1,450°C); isochron date: 51.5±0.6 Ma (1,125-1,450°C)
7=0.007496+0.1 percent; 202.4 mg
700
800
900
950'
1000
1025
1050
1075
1100
1125P
1150P
1200P
1250P
1450P

0.0516
.3211
.7781
.7425
.7238
.5375
.5053
.5810
.8315
1.4132
1.2655
1.0638
1.2083
.8440

0.0194
.0867
.1985
.1872
.1847
.1365
.1279
.1469
.2118
.3646
.3285
.2756
.3135
.2183

2.66
3.70
3.92
3.97
3.92
3.94
3.95
3.95
3.92
3.88
3.85
3.86
3.85
3.87

0.8
2.5
4.2
3.4
1.8
1.0
.54
.27
.16
.13
.14
.20
.18
.12

11.4
37.2
82.4
90.8
89.9
90.5
87.7
86.8
86.6
90.2
91.8
90.0
84.7
71.5

0.7
3.1
7.1
6.7
6.6
4.9
4.6
5.2
7.6
13.0
11.7
9.8
11.2
7.8

35.6+0.6
49.4+0.3
52.24+0.10
52.87+0.13
52.23±0.26
52.5+0.5
52.63+0.16
52.7±0.4
52.31±0.15
51.66+0.10
51.36+0.13
51.46±0.12
51.38+0.17
51.5±0.3
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(1993). These arc-related mineral systems contrast with the
Quartz Hill deposit, which has many characteristics transitional between these calc-alkaline systems and Climax-type
molybdenum systems. Most importantly, the Quartz Hill
deposit formed in an extensional setting during the Oligocene (Hudson and others, 1979).

Not only is the late Paleocene to early Eocene (58-52
Ma) magmatism obviously closely related to molybdenite
mineralization, but we suggest it is possible to make a
temporal link between the major part of the arc magmatism
and widespread hydrothermal fluid flow on both sides of
the batholith at the latitude of Juneau. Immediately west of

Table 1. Continued.
93RG58; BIOTITE; CAMP-18 GRANODIORITE
Total-gas date: 51.8+0.3 Ma; no plateau
/=0.007465,+0.1 percent; 52.3 mg
600
700
750
800
850
900
950
1000
1050
1100
1150
1200
1350

0.0118
.0347
.0935
.2517
.5355
.8455
.0602
.0855
.0363
.2299
.3860
.9556
4.9664

0.0078
.0160
.0243
.0680
.1376
.2166
.2706
.2775
.2617
.3074
.3476
.4990
1.2776

1.52
2.16
3.84
3.70
3.89
3.90
3.92
3.91
3.96
4.00
3.99
3.92
3.89

-------------

10.7
30.8
55.0
48.6
86.2
91.8
93.6
94.0
94.5
93.8
95.7
96.4
97.4

0.2
.4
.7
1.8
3.7
5.8
7.3
7.5
7.1
8.3
9.4
13.4
34.4

20.4+16.5
28.9+4.1
51.1±0.9
49.2±0.6
51.65±0.16
51.82±0.29
52.01±0.10
51.93±0.19
52.55±0.29
53.08±0.23
52.92+0.14
52.01+0.08
51.60±0.08

93RG59; BIOTITE; CAMP-10 GRANODIORITE
Total-gas date: 52.58+0.19 Ma; no plateau
J=0.007537,+0.1 percent; 75.1 mg
600
700
800
850
900
950
1000
1050
1100
1150
1200
1350

0.0025
.0480
.9614
.1659
.8750
.3204
.3648
.1895
.7103
1.7259
2.3335
6.0279

0.0028
.0244
.2491
.2994
.4773
.3308
.3455
.3012
.4246
.4340
.5942
1.5433

0.904
1.96
3.86
3.89
3.93
3.99
3.95
3.95
4.03
3.98
3.93
3.91

-----------

3.1
13.1
52.7
84.4
90.7
91.6
89.1
82.0
80.5
86.8
91.6
96.8

0.1
.5
5.0
6.0
9.5
6.6
6.9
6.0
8.4
8.6
11.8
30.7

12.+29
26.5±1.3
51.72+0.23
52.18+0.23
52.63±0.10
53.47±0.09
52.92+0.16
52.90+0.19
53.95+0.08
53.28±0.15
52.62±0.08
52.34±0.08

93RG59; HORNBLENDE; CAMP-10 GRANODIORITE
Total-gas date: 71.1+1.6 Ma; no plateau; isochron date: 63.1+0.7 Ma (all); (40Ar/36Ar)i=297±2
7=0.007571+0.1 percent; 276.5 mg
750
900
1000
1025
1050
1075
1100
1125
1150
1175
1200
1250
1300
1450

0.1219
.3933
.5476
.2196
.1255
.2604
.2931
.3747
.4580
.6306
.4095
.2838
.2417
.5692

0.0081
.0683
.0926
.0926
.0206
.0477
.0598
.0771
.0937
.1320
.0788
.0500
.0428
.1167

15.02
5.76
5.91
5.49
6.08
5.46
4.91
4.86
4.89
4.78
5.20
5.68
5.64
4.88
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.09
.06
.05
.09
.15
.14
.06
.07
.08
.07
.08
.06
.01

0.4
2.2
1.1
4.1
5.1
3.6
3.3
4.2
6.9
9.6
7.6
4.2
5.7
16.2

0.9
7.4
10.0
4.3
2.2
5.1
6.4
8.3
10.1
14.2
8.5
5.4
4.6
12.6

194.4+12.3
77.0+8.0
79.0+2.9
73.4+2.8
81.2+3.3
73.1+2.5
65.8±0.7
65.17+0.17
65.6+1.0
64.09+0.16
69.6+1.5
75.9±1.2
75.4±0.4
65.42+0.10
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the batholith near Juneau, the similarity in ages of
magmatism and widespread metamorphic fluid flow (about
56-52 Ma) leading to gold-vein formation has been well
documented (Goldfarb and others, 1991; Miller and others,
1994). The data from the Boundary Creek area indicate
that much of the magmatism on the eastern side of the
batholith was also 5-10 m.y. older than Middle Eocene. A
new 40Ar/39Ar date of 63 Ma for hydrothermal fuchsite at
the Polaris-Taku gold deposit (fig. 1), immediately east of
the batholith (L.W. Snee, unpub. data) and 10-15 km northeast of the Boundary Creek area, indicates thermal pulses
formed mesothermal vein deposits on both sides of the
evolving batholith.

CONCLUSIONS
Our age information elucidates two important elements
related to molybdenite mineralization and the evolution of
the Coast batholith. First, we have demonstrated that the
significant, yet subeconomic, molybdenite mineralization

in the northern part of the Coast batholith is associated
with Paleocene-Eocene (63-50 Ma) magmatism. Thus, assessment of mineral resources in the northern Coast batholith
must consider the molybdenite potential relative to a calcalkaline British Columbia-type model and not relative to
Quartz Hill-type porphyry systems. Secondly, well-constrained ages of intrusive rocks distributed over many hundreds of square kilometers (as indicated by the samples
from camp-18, camp-10 and those of the Taku River area)
throughout the core of the Coast batholith indicate that
great volumes of granite and granodiorite were emplaced
over a 10- to 12-m.y.-long period beginning in the late
Paleocene. Further, the differences in ages of a few million
years at various locations attest to the composite nature of
the batholith. These relations support a model whereby the
batholith is composed of numerous stocks and plugs that
are compositionally similar yet temporally separated by several millions of years.
Acknowledgments. We would like to thank the Foundation for Glacier and Environmental Research for logistical support during part of this study.

Table 1. Continued.
1 Samples of biotite-rich, molybdenite-bearing granite dike at the Boundary Creek 2 mineral occurrence and two granodiorite plutons at camp-10
and camp-18 were collected for hornblende, biotite, and zircon. Some of the biotite in the dike had been altered to hydrothermal muscovite.
All three samples were crushed, ground, and sieved, and the 80-to-120-mesh-size sieve fractions were passed through heavy liquids and a magnetic
separator to obtain muscovite, biotite, and hornblende concentrates. The concentrates were handpicked to 100 percent purity. The six mineral
separates were cleaned in reagent-grade ethanol, acetone, and deionized water in an ultrasonic bath, air dried, wrapped in aluminum packages
and sealed in silica vials along with monitor minerals prior to irradiation. Samples were irradiated in the TRIGA reactor at the U.S. Geological
Survey in Denver, Colo. for 20 hs at 1 MW.
7 A Mass Analyzer Products 215 Rare Gas mass spectrometer with a Faraday cup was used to measure argon-isotope abundances. Abundances of
"Radiogenic ^Ar" and "K-derived "Ar" are reported in volts. Conversion to moles can be made using 1.838xlO'1J mol argon per volt of signal.
Detection limit at the time of this experiment was 2xlO'17 mol argon. Analytical data for "Radiogenic wAr" and "K-derived "Ar" are calculated to
five decimal places; "wAT^ArK" is calculated to three decimal places. "Radiogenic "'Ar", "K-derived "Ar", and "40ArR/"ArK" are rounded to
significant figures using analytical precisions. Apparent ages and associated errors were calculated from unrounded analytical data and then
each rounded using associated errors. All analyses were done in the Argon Laboratory, U.S. Geological Survey, Denver, Colo. Decay constants are
those of Steiger and Jager (1977). The irradiation monitor, hornblende Mmhb-1 with percent K=1.555, *°ArR=1.624xlO'9 mol/g, and K-Ar age =
520.4 Ma (Samson and Alexander, 1987), was used to calculate ./-values for this experiment.
3 "4°ArR/"ArK" has been corrected for all interfering isotopes including atmospheric argon. Mass discrimination in our mass spectrometer was
determined by measuring the "Ar/^Ar ratio of atmospheric argon; our measured value is 296.6 during the period of this experiment; the accepted
atmospheric "Ar^'Ar ratio is 295.5. Abundances of interfering isotopes of argon from K and Ca were calculated from reactor production ratios
determined by irradiating and analyzing pure CaF2 and K2SO, simultaneously with these samples. The measured production ratios for these samples
are CWAr^jexlO0, (38Ar/3'Ar)K=1.307xlO-2, ("Ar/^Ar^H .lOxlO"4, ("Ar^AOc^OxlO"1, (39Ar/37Ar)c.=6.81xlO"1, and (3'Ar/"Ar)c.=
2.70x10-'. Corrections were also made for additional interfering isotopes of argon produced from irradiation of chlorine using the method of Roddick
(1983). The reproducibility of split gas fractions from each monitor (0.05-0.2 percent, 1 sigma) was used to calculate imprecisions in J. ./-values
for each sample were interpolated from adjacent monitors and have similar uncertainties to the monitors. Uncertainties in calculations for the date
of individual steps in a spectrum were calculated using modified equations of Dalrymple and others (1981).
4 To calculate apparent K/Ca ratios, divide the 3'Ar/"Ar ratio value by 2.
3 1 -sigma error.
' Fraction included in plateau date.
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Table 2. U-Pb isotopic data and apparent ages

Fraction-size3 Wt. Concentration"
(ppm)
(urn)
(mg)
U

Pb*

206pb
204pb

206pb
207Pb

206pb
208pb

Th-corrected agese
(Ma)

Apparent ages^
(Ma)

Isotopic composition0

206pb *
238lj

207pb *
235U

207pb *

206pb *

206pb *

238ij

207pb *
206?b *

Sample C-10:
a

63-80

0.2

1445

13.4

4280

19.627

8.354

59 .8

60.2 ± 0.1

75

59.9 ± 0.1

72 ±2

b

100-125A

.3

1165

10.7

5721

19.988

8.710

59 .5

59.8 ± 0.1

72

59.5 ± 0.1

69 ±2

c

125-350A

.3

1135

10.8

3015

19.013

8.131

61.,4

62.0 ± 0.1

85

61.5 ± 0.1

82 ±2

Partial

Dissolution
%U

Results;

LI

16.4

155

1.4

1805

17.979

8.514

58 .5

58.8 ± 0.2

73

58.6 ± 0.2

70 ±5

L2

31.4

298

2.6

2554

18.865

10.588

56 .9

57.0 ± 0.2

61

56.9 ± 0.2

59 ±3

L3

43.8

415

3.9

6797

20.140

9.513

60 .7

61.0 ± 0.2

74

60.8 ± 0.2

71 ±2

L4

7.7

.7

10,125

20.442

7.102

61 .5

61.8 ± 0.2

73

61.6 ± 0.2

71 ±4

R

.6

6

.1

275

9.468

3.348

60 .8

67.6 ± 0.5

314

60.9 ± 0.2

312 ± 16

T(125-350) 1.5

327

2.9

59 .2

59.5 ± 0.2

71

59.3 ± 0.2

69 ±4

73 .

Sample C-18:
a

63-80

0.2

652

5.7

3214

19.262

5.577

53 .5

53.8 ± 0.1

67

53.6 ± 0.1

63 ±3

b

100-125A

.3

428

3.7

2898

19.006

6.015

54 .2

54.7 ± 0.1

77

54.3 ± 0.1

73 ±4

c

125-350A

.3

369

3.2

1399

17.201

5.314

54 .1

54.7 ± 0.1

81

54.2 ± 0.1

77 ±4

Partial

Dissolution
%U

LI

11.2

80

.8

463

12.596

4.261

58 .6

59.1 ± 0.4

78

58.6 ± 0.2

76 ± 13

L2

20.8

148

1.2

1045

16.198

5.089

50 .5

51.1 ± 0.2

82

50.5 * 0.2

79 ±6

L3

39.7

282

2.6

2165

17.788

5.329

56 .3

59.0 ± 0.2

168

56.4 ± 0.2

166 ±3

L4

25.5

181

1.7

6535

19.991

12.470

61 .8

62.5 ± 0.2

88

61.9 ± 0.2

86 ±3

2.7

19

.2

1852

18.152

6.462

53 .5

53.6 ± 0.5

59

53.6 ± 0.2

56 ±3

296

2.7

56 .7

58.1 ± 0.2

117

56.7 ± 0.2

115 ±4

R

T(125-350) 2.4

Results;
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Table 2. Continued
a a, b, and c designate conventional fractions; A designates conventional fractions abraded to 30 to 60 percent of original diameter; LI, L2, L3, and L4 designate leachate steps;
R designates digestion of final residue; T designates mathematically recombined steps and residue. Partial dissolution procedure after Mattinson (1994). Partial dissolution
schedule: 1 = 24 hours at 80°C; 2 = 24 hours at 150°C; 3 = 24 hours at 200°C; 4 = 6 hours at 245°C; R = 44 hours at 245°C. Conventional fractions were washed in warm
3N HNC>3 and 3N HCI for 15 minutes each, spiked with
PbU tracer, and dissolved in a 50 percent HF»14N HNC>3 solution within 3 mL Savillex 1" capsules placed in
45 mL TFE Teflon'"-lined Parr acid-digestion bomb. This procedure is similar to that outlined by Parrish (1987). Following evaporation and dissolution in HCI, Pb and U for
all fractions were separated following techniques modified from Krogh (1973). Pb and U were combined and loaded with F^PC^ and silica gel onto single degassed Re
filaments. Isotopic compositions of Pb and U were determined through static collection on a Finnigan-MAT 261 multicollector mass spectrometer utilizing an ion counter for
collection of the
Pb beam. All analyses were performed by W.C. McClelland at the University of California, Santa Barbara. Zircon fractions are nonmagnetic on Frantz
magnetic separator at 1.8 A, a 15° forward slope, and a 1° side slope.
Pb* is radiogenic Pb expressed as parts per million for conventional analyses and as nanograms for partial dissolution steps. U is expressed as parts per million for
conventional analyses and as nanograms and percent of total U for partial-dissolution steps.
c Reported ratios corrected for fractionation (0.125 ± 0.038 percent/AMD) and spike Pb. Ratios used in age calculation were adjusted for 6 to 10 pg of blank Pb with isotopic
composition of 206 Pb/204 Pb = 18.6, 207 Pb/204 Pb = 15.5, and 208 Pb/204 Pb = 38.4, 2 pg of blank U, 0.25 ± 0.049 percent/AMU fractionation for UO2 , and initial common
Pb with isotopic composition approximated from Stacey and Kramers (1975) with an assigned uncertainty of 0.1 to initial

Pb/

Pb ratio.

Uncertainties reported as 2 sic ma. Error assignment for individual analyses follows Mattinson (1987) and is consistent with Ludwie (1991). An uncertainty of 0.2 percent is
?0n
718
.
o \
/
j
7f)7
706
assigned to the
Pb/
U ratio based on our estimated reproducibility, unless this value is exceeded by analytical uncertainties. Calculated uncertainty in the
Pb/
Pb
ratio incorporates uncertainties due to measured
Pb/
Pb and
Pb/
Pb ratios, initial
Pb/
Pb ratio, and composition and amount of blank. Linear regression of
01 Q
91^
OT C
01^
discordant data utilized the method of Ludwig (1991). Decay constants used: ZJ5 U=1.5513 E-10, ZJ;> U=9.8485 E-10. ^»Ur J:> U = 137.88.
e A 75 percent ± 25 percent efficiency in
Th exclusion during zircon crystallization is assumed, and
Age assignments presented are derived from the Th-corrected ratios.

Pb/

Pb and

Pb/

U ratios have been adjusted accordingly.
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Figure 2. Argon-release spectra diagrams for minerals from the Boundary Creek 2 molybdenum occurrence and the camp-10 and camp18 granodiorites. All errors are 1 sigma.
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Figure 3. U-Pb concordia plots of conventional (solid) and partial-dissolution (shaded) data. Error ellipses are plotted
at 95-percent confidence level. A, Samples from camp-10. B, Samples from camp-18. Abbreviations (see table 2): a, b,
and c conventional size fractions; LI, L2, L3, and L4 leachate steps; R digestion of final residue; T mathematically
recombined steps and residue; MSWD mean-student-weighted deviate.
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Tidal Influence on Deposition and Quality of Coals in the
Miocene Tyonek Formation, Beluga Coal Field, Upper Cook
Inlet, Alaska
By Romeo M. Flores, Gary D. Stricker, and Robert B. Stiles

ABSTRACT
The Miocene Tyonek Formation in the Chuitna
River basin in the southwestern part of the Beluga coal
field contains several minable coalbeds that are as much
as 10 m thick. These coalbeds, which include the Red 1,
Red 2, Red 3, and Blue coals, are located in the Diamond
Chuitna Project area, where data from 38 drillholes and
19 cores were studied. Analyses of the geophysical, driller,
and lithofacies logs of these drillholes and cores suggest
deposition of the Red 1 and Red 2 coalbeds in fluvially
influenced raised mires, and of the Red 3 and Blue coalbeds
in tidally influenced topogenous mires. Tidal deposits
include intertidal, tidal channel, tidal sand flat, and
supratidal sediments that exhibit burrowed flaser beds with
double mudstone drapes, lenticular beds, tidal bundles,
Ophiomorpha-\ike burrows, and rhythmic interlaminations.
Statistical analysis of coal-quality data indicates that
the sulfur content of the Red 1 and Red 2 coalbeds is
significantly lower than that of the Red 3 and Blue coalbeds.
The relatively higher sulfur content at the latter two coalbeds
is attributed to increased sulfate reduction in brackishmarine waters that inundated the peat mires after deposition. Ash and heat-value contents of these coals are not
statistically different. Furthermore, differences in the depositional environments controlled the maceral composition
of the coalbeds. The fluvially influenced raised peat mires
were episodically oxidized above the ground-water table as
organic matter accumulation from woody vegetation outpaced autocompaction. In contrast, the organic accumulation from woody vegetation in the tidally influenced
topogenous peat mires evolved as a function of the ebb and
flood tidal cycles.

INTRODUCTION
The southern part of the Beluga coal field, particularly
in the Chuitna River basin (fig. 1A), has been the target of
coal exploration and development during the past decade

(Ramsey, 1981; McFarland, 1987; Stiles and Franklin,
1987). The Center Ridge (CR), leased by Beluga Coal Company, and the Diamond Chuitna Project (DCP), leased by
Diamond Alaska Coal Company, are areas (fig. 1A) that
contain coal-bearing rocks of the Miocene Tyonek Formation of the Kenai Group; the formation is as much as 2,330
m thick (Calderwood and Fackler, 1972). In the CR and
DCP areas, the surface minable coalbeds (Barnes, 1966)
occur in the upper part of the Tyonek Formation and are as
much as 10 m thick. The Tyonek coal-bearing interval (fig.
2) in the Chuitna River basin contains at least 18 coalbeds,
of which 6 (Red 1, Red 2, Red 3, Blue, Green, and Brown
coals) are considered minable in the DCP area (Stiles and
Franklin, 1987). More importantly, the Red 1, Red 2, Red
3, and Blue coals are within a 30-100-m-thick interval and
may be minable by a multiple-bed stripping method. The
total maximum thickness of these four minable coalbeds is
28.9 m, but the average total thickness is about 21m.
Rao and Smith (1987) indicated that minable coals from
DCP drillhole cores range in rank from lignite to subbituminous (6,050-8,320 Btu/lb, as-received basis), which is
typical for Beluga coals (Barnes, 1966). In addition, these
coalbeds, as reported by Rao and Smith (1987), exhibit ash
yields ranging from 3.64 to 32.5 percent (as-received basis) and sulfur contents ranging from 0.08 to 0.19 percent
(as-received basis). The low sulfur contents of coals in the
DCP area differ from those of other Tyonek coalbeds in
the Beluga coal field reported by previous workers. Sulfur
values were reported by Barnes (1966) as 0.1-0.4 percent
(as-received basis), and by Affolter and Stricker (1993) as
0.08-0.32 percent (as-received basis). Thus, the Tyonek
coalbeds in the Beluga coal field display varied sulfur contents. High and varied sulfur contents in coalbeds may be
produced by marine or near-marine environmental settings
(Gluskoter and Simon, 1968). Flores and others (1994) described tidal sedimentary structures (for example, burrows
and associated flaser and lenticular bedding) in a mudstone-dominated facies below the Chuitna coalbed (Barnes,
1966; Brown coal of Ramsey, 1981) in outcrops along the
Chuit Creek. Stratigraphically, the Chuitna coalbed is about
137
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100 m above the minable Tyonek coalbeds in the DCP area
(fig- 2).
The purpose of this investigation was to collect stratigraphic, sedimentologic, and geochemical data from the
DCP area in order to determine the depositional environment of the minable coalbeds and associated interburden
and overburden rocks. A thorough understanding of the
stratigraphy of these rocks was aided by subsurface geophysical data provided by DRVEN Corporation of Anchorage, Alaska.

METHODS
The stratigraphy and sedimentology (fig. 2) were studied using geophysical and driller logs of 38 drillholes as
well as an additional 19 drillhole cores (fig. IB). Lithology, thickness, color, grain size, petrology, sedimentary
structures, and trace and body fossils were described from
the drillhole cores. A total thickness of 785 m of 5-cmdiameter cores was described from the 19 drillholes. Vertical sedimentologic facies logs of the cores were constructed
from these lithologic descriptions and utilized to interpret
depositional processes and environments of the interburden
and overburden rock types. The driller logs were used as
guides for interpreting the lithotypes of the geophysical
logs. The geophysical logs, which consist of gamma-ray
and resistivity curves, were used to interpret the vertical
and lateral variations of the coals and related interburden
and overburden rocks. Cross sections were constructed from
these geophysical logs and related field driller logs to establish two- and three-dimensional characteristics of the
rocks. These cross sections were then used to determine
the facies distribution and areal extent of the depositional
settings. Coal quality (as-received basis), which includes
heat value (Btu/lb), ash yield, and sulfur content, was compiled from analytical data of 20 coreholes. These data were
used to compare and contrast characteristics of the coalbeds.
Statistical analysis using the Student's T-test was performed
to determine the significance of chemical differences between the coalbeds.

GEOLOGIC SETTING
The Chuitna River basin (fig. I A) extends across the
Castle Mountain fault on the north and into the upper Cook
Inlet on the south. Grantz (1966) interpreted the Castle

Figure 1. A, Map showing location of Beluga coal field in the
upper Cook Inlet and the study area in the Chuitna River basin.
B, Map showing location of drillholes studied in the Diamond
Chuitna Project (DCP) area. North-south and east-west cross
sections are displayed in figure 3. Letters indicate location of
drillholes shown in figures 4-8

139

Mountain fault to be right-lateral and strike-slip from the
Mesozoic through Tertiary and a steep reverse fault from
the Oligocene to the present. This fault has been active for
the past several million years, as indicated by several kilometers of net displacement (Barnes and Payne, 1956;
Detterman and others, 1976; Fuchs, 1980). The Castle
Mountain fault generally separates conglomerates of the
lower part of the Kenai Group to the northwest from the
coal-bearing middle part of the Kenai Group (Tyonek Formation) to the southeast (Barnes, 1966). Flores and others
(1994) suggested (1) that the Castle Mountain fault and
related faults were active during deposition of the Tyonek
Formation, and (2) that these south west-trending faults controlled the trends of fluvial channels in the study area that
deposited the Tyonek Formation.
The Chuitna River crosses an anticline about 13 km
downstream from its confluence with the Chuit Creek
(Barnes, 1966; fig. 1A). This anticline trends to the southwest and parallels the southwest-trending faults. An aeromagnetic survey (Grantz and others, 1963) indicates that
the Moquawkie fault parallels an anticline-syncline axis
(fig. L4). The DCP area is located northwest of this synclinal axis. A north-south cross section (fig. 3A) shows southward-dipping coalbeds that are cut by a normal fault on the
southern part of the property. An east-west cross section
(fig. 3B) also shows a normal fault (Chuit fault) with westward-dipping coalbeds on the western part of the property.
These cross sections together suggest that the study coalbeds
(Red 1, Red 2, Red 3, and Blue) are near the surface in the
central part of the study area but are deeper in the subsurface (as much as 135 m below the surface) westward near
the confluence of the Chuitna River and Chuit Creek. In
addition, these cross sections indicate that the part of the
Tyonek Formation studied by Flores and others (1994),
which includes the Chuitna and lower Chuitna coalbeds, is
stratigraphically higher than the interval of the present study.
A composite section of part of the Tyonek Formation
(as much as 300 m) in the DCP and the nearby Chuitna
River-Chuit Creek areas consists of interbedded sandstone,
conglomeratic sandstone, siltstone, mudstone, carbonaceous
shale, and coal (fig. 2; Flores and others, 1994). The lower
part of the above composite section of the Tyonek Formation in the DCP area is dominated by mudstone and siltstone with thick coalbeds and subordinate sandstone and
conglomeratic sandstone (fig. 2).

STRATIGRAPHY
The vertical succession and variation in related physical characteristics of rock types between coalbeds is
interburden stratigraphy. Succession and variation in rocks
above the coalbeds is overburden stratigraphy (figs. 3A,
3B). Important physical characteristics of the rocks that
change through the section include lithology, color, grain
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size, sedimentary structures, and trace fossils. Many of these
characteristics can be determined from the geophysical log
curves, driller logs, or from drillhole core descriptions.
The gamma-ray curve measures the natural radioactivity of rock types, particularly shale, caused by absorption
of thorium by clay minerals, potassium content of clay
minerals (mainly illite), and uranium fixed by associated
organic matter (Doveton, 1994). In general, low levels of
radioactivity are observed in sandstones, limestones, and

dolomites. However, elevated gamma radiation in sandstones may be produced by their clay mineral, potassium
feldspar, mica, and heavy-mineral contents. Coal displays
the least gamma radiation compared with these rock types,
and thus it is readily identifiable by the gamma-ray log
curve.
Continuous drillhole cores of the interburden and overburden rocks were described for the intervals between the
Red 1, Red 2, Red 3, and Blue coalbeds. Although the
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Figure 2. Generalized composite stratigraphic column of part of the Tyonek Formation
in the Chuitna River basin (DCP) area, showing the study interval.

TIDAL INFLUENCE ON DEPOSITION AND QUALITY OF COALS IN THE MIOCENE TYONEK FORMATION

cores of 19 drillholes were described for this study, only 5
cores (figs. 44, 46, 5A, 5B, and 6) are presented in this
paper; these cores represent the greatest variety in the
stratigraphy and sedimentology encountered in the study
interval and reflect interburden and overburden intervals
comparable to those described from the geophysical and
driller logs.
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RED 1 COALBED TO BASE OF RED 2 COALBED
The Red 1 coalbed is as much as 3.5 m thick and is
split into a thicker lower bench and a thinner upper bench
(fig. 44). Rao and Smith (1987) characterized this bed as
containing 68-88 percent vitrinite, 8-25 percent liptinite,
and 2-5 percent inertinite (mainly fusinite and semifusinite).
SOUTH

NORTH

(METERS) (FEET)
I 300H -1,000

ELEVATION

I

I
DRILLHOLE
GROUND
SURFACE

TIDAL-INTERTIDAL
DEPOSITS
200-500

500-100
EXPLANATION
I COAL AND
I CARBONACEOUS SHALE

0-L-O
(FEET)(METERS)

SANDSTONE AND
CONGLOMERATE
MUDSTONE AND
SILTSTONE
MUDSTONE, SILTSTONE,
AND SANDSTONE

0-L-O
5,000 FEET
1,000 METERS

WEST

EAST

ELEVATION
1,000

I

r

1,000

300-

500-

?-500

-100

0 -J-0
(FEET) (METERS)

TIDAL-INTERTIDAL
DEPOSITS

FLUVIAL
DEPOSITS

5,000 FEET
Q i Q
(METERS) (FEET)
1,000 METERS
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The interburden between the Red 1 and Red 2 cbalbeds
ranges from 0.3 to 38 m in thickness. A comparison of the
gamma-ray and resistivity logs of interburden rocks between these coalbeds shows that these logs have significantly different patterns (fig. 7A). The gamma-ray log curve
shows a "blocky, shallow serrated" pattern, whereas the
resistivity log curve shows a "peaks and valleys" pattern
(depths of 60 to 95 m in fig. 7A). The better definition of
the resistivity log curve into a "peaks and valleys" pattern
is probably due to vertical changes in the lithotypes. The
driller log between the top of the Red 1 coalbed and the
base of the Red 2 coalbed (depths of 60 to 95 m in fig. 7/4)
indicates that the interburden consists mainly of mediumto fine-grained sandstone, 45 percent gravel, and some clay.
The "peaks" (rightward excursions) probably reflect the
gravelly units, and the "valleys" (leftward excursions) represent the sandy units. Similar conglomeratic sandstones in
the Tyonek Formation contain gravelly units underlain by
LITHOLOGIC
LOG
I
25m-

erosional surfaces and overlain by sandy units (Flores and
others, 1994); hence, the gravels mark the lower parts of
generally fining-upward units.
The interburden between the Red 1 and Red 2 coalbeds
includes interbedded mudstone and 20 percent fine-grained
sandstone, as shown in depths 103-122 m (fig. IB). Interbedded mudstones and sandstones were described by Flores
and others (1994), in a Tyonek interval in the nearby Chuitna
River and Chuit Creek drainage area, as occurring either
overlying or interfingering with conglomeratic sandstones.
Vertical and lateral lithologic variations of the
interburden between the Red 1 and Red 2 coalbeds can be
seen in figures 4B, 5, and 6. In contrast to the interburden
between the Red 1 and Red 2 coalbeds shown in figure 4A,
which includes vertically stacked conglomeratic sandstones,
the interburden between the Red 1 and Red 2 coalbeds in
figures 4B and 5A consists mainly of mudstones in the
driller logs. This is interpreted as a condensed section of
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Figure 6. Lithologic log, sedimentary structures, and facies (type 4 facies profile)
interpretation of a drillhole core (drillhole I) from above the Red 1 and Red 2
coalbeds to below Red 3 coalbed. See Figure 15 for location of drillhole.
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mudstone parting as a result of merging of the Red 1 and
Red 2 coalbeds. This mudstone parting, which ranges from
0.3 to 0.8 m thick, is laminated, rooted, and contains interbedded carbonaceous shale and coaly lenses. In figure 6,
the interburden between the Red 1 and Red 2 coalbeds is
missing in the core but consists of a parting of interbedded
mudstone and an 0.8-m-thick coalbed in the driller log; this
parting may be a split from Red 1 and (or) Red 2 coalbeds.
In cores, the interburden between the Red 1 and Red 2
coalbeds consists mainly of conglomeratic, coarse- to finegrained sandstone. The conglomerate, which occurs along
GEOPHYSICAL LOGS LITHOLOGIC
GAMMA RESISTIVITY
LOG
£
«>

DRILLER LOG
(SUMMARY)
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erosional bases of beds, is clast supported and comprises
rounded to subrounded pebble quartz, black chert, and ironstone fragments. The sandstone is trough crossbedded
(troughs are 7.6-15.2 cm in height), and the uppermost
crossbeds contain muddy cross-laminations (2.5-5.1 cm
thick) and are vertically burrowed (depths of 97-98 m in
fig. 4A). The sandstone is thin- to thick-bedded (0.6-6.4 m)
and overlies the pebbly conglomerate. This basally erosional conglomerate-sandstone occurs as fining-upward and
vertically stacked couplets. Two vertically stacked bodies
consist of these conglomerate-sandstone couplets; the lower
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Figure 7. Drillhole showing geophysical, lithologic, and driller logs of rocks. See figure IB for location of drillholes. Arrows
represent increasing natural gamma radiation and resistivity to applied electrical currents. Metric units represent depths below
the ground surface. A, Drillhole A, from below Red 1 coalbed to ground surface. B, Drillhole B, from below Red 2 coalbed to
ground surface.
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body is overlain by rooted, burrowed, and rippled mudstone, siltstone, and silty sandstone. Thinner conglomeratesandstone couplets generally developed in the lower part of
each body and thicker couplets formed in the upper part.
The two bodies are separated by 1.5 m of coal and carbonaceous shale.

RED 2 COALBED TO BASE OF RED 3 COALBED
The Red 2 coalbed is as much as 8.3 m thick. This
coal is composed of 68-93 percent vitrinite, 3-19 percent
liptinite, and 1-10 percent inertinite (mainly semifusinite;
Rao and Smith, 1987). The interburden interval between
the Red 2 and Red 3 coalbeds ranges from 3.6 to 46 m in
thickness. The gamma-ray and resistivity log curves of the
interburden rocks between the Red 2 and Red 3 coalbeds in
three drillholes show different patterns for the same muddy
interval (figs. 7A, IB, 8A). This difference in patterns is
caused by slight variations in the amounts of siltstone and
sandstone interbeds with the mudstone. Drillhole cuttings
of the interburden rocks indicate the presence of mudstone
interbedded with siltstone and sandstone in this interval,
and the geophysical logs (figs. 7A, IB) confirm the presence of coarser grained interbeds. The interburden between
Red 2 and Red 3 coalbeds in figure 8A (depths 95-108 m)
shows a similar resistivity log pattern, confirming the presence of siltstone (10 percent) interbeds.
The mudstone interburden between the Red 2 and Red
3 coalbeds is locally overlain by a sandstone that contains
as much as 35 percent mudstone (depths 80-89 m in fig.
IB). The gamma-ray and resistivity log curves of this
interburden reflect the interbedded nature of sandstone and
mudstone. The intercalation of subordinate mudstone, which
subdivides the sandstone into three thick units, is similar to
that of the sandstone above the Red 3 coalbed shown in
figure 7A (depth 19 m). The sandstone above the Red 3
coalbed, which contains 50 percent mudstone (driller log in
fig. 7A), has less pronounced gamma-ray and resistivity
log curves than the sandstone in figure IB. The contacts
between these sandstone types and the underlying mudstones in both intervals (figs. 7A, IB) are best defined by
the gamma-ray log curve (depth 19 m in fig. 7A; depth 89
m in fig. IB).
In cores, the interburden between the Red 2 and Red 3
coalbeds is mainly moderately to heavily bioturbated mudstone. The burrows are mainly short (1-3 mm long), narrow (1-2 mm wide) tubules filled with siltstone. Similar
but larger horizontal burrows (as much as 1 cm in length)
are also present. Thin (average 1 mm), flat lenses of siltstone, which are dissected by vertical burrows, are common in the mudstone. The uppermost part of the mudstone
interburden is silty, sparsely burrowed, and exhibits abundant root marks.

RED 3 COALBED TO BASE OF BLUE COALBED
The Red 3 coalbed is as much as 6.6 m thick and
locally contains mudstone and carbonaceous shale partings.
This coal consists of 65-89 percent vitrinite, 8-16 percent
liptinite, and 1-15 percent inertinite (mainly semifusinite;
Rao and Smith, 1987). The Red 3 coalbed is split into two
benches by a mudstone parting that ranges from 0.9 to 4 m
in thickness (figs. 7A, IB, SB). The lower coal bench, in
turn, is split by mudstone and carbonaceous shale partings
(fig. 7A). The interburden interval between the Red 3 and
Blue coalbeds ranges from 0.9 to 58 m thick and contains
gravelly sandstone, carbonaceous shale, and mudstone
(depth 38-75 m, fig. IB- depth 38-80 m, fig. 85).
The gamma-ray log curve shows a "serrated" pattern
representing a sandstone with gravel (fig. IB). Cementation of gravel lenses may be indicated by pronounced "spiking" of the resistivity log curve (for example, depth 67 m
in fig. IB). The stratigraphy of the interburden between the
Red 3 and Blue coalbeds is best displayed by the gammaray log curve (fig. 8A). The upper part of the gamma-ray
log curve (depths 30-59 m) consists of "blocky with serrated" patterns representing sandstones. A break in this
"blocky" pattern, both in the gamma-ray and the resistivity
log curves, represents mudstone with siltstone interbeds
(depths 47-51 m, fig. 8A). The basal contacts of these sandstones, as shown by the gamma-ray log curve (depths 4759 m), indicate sharp boundaries with the underlying units.
The lower part of the gamma-ray log curve (depths 59-90
m), like the resistivity log curve, exhibits thin to thick "peaks
and valleys" representing a mudstone with sandstone
interbeds (fig. 8A). The gamma-ray and resistivity log curves
display a combination of "peaks and valleys" separated by
pronounced "spikes" and "fine- to coarse-tooth comb" patterns typical of a mudstone (fig. SB). Sandstone interbeds,
some of which may be well cemented, produce the "spikes"
(fig. 85).
In core, the interburden between the Red 3 and Blue
coalbeds is dominated by a mudstone. It contains burrows
similar to those in the interburden between the Red 2 and
Red 3 coalbeds. However, the upper part of this mudstone
contains more rooted horizons than does the interburden
between the Red 2 and 3 coalbeds. In addition, this mudstone contains sparse thin, flat siltstone lenses.
BLUE COALBED TO THE SURFACE
The Blue coalbed is as much as 7.5 m thick and is split
into two benches by a 4-m-thick parting consisting of mudstone and carbonaceous shale. This coalbed is composed of
71-87 percent vitrinite, 8-20 percent liptinite, and 0.5-3
percent inertinite (mainly semifusinite; Rao and Smith,
1987). The overburden interval between the Blue coalbed
and the surface is best displayed in figures IB and 8A. In
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these figures, this interval, which is as much as 34 m thick,
contains Quaternary organic, sand, gravel, silt, and clay
surficial deposits (Barnes, 1966). However, figure SB shows
a different type of Quaternary deposit, consisting of gravel,
sand, and clay, which directly overlies the Blue coalbed
(depth 24 m). In this locality (fig. 85), the uppermost part
of the Blue coalbed may have been eroded by glaciation.
The gamma-ray log curves shown in figures IB and
8A reflect a mainly sandstone overburden. However, the
gamma-ray log curves vary with the gravel (25 percent in
fig. 75), siltstone (25 percent in fig. 8A), and mudstone
contents of the sandstones (see driller logs). The gammaray log patterns of the sandstone overburden indicate both
GEOPHYSICAL LOGS LITHOLOGIC
GAMMA RESISTIVITY
RAY

L OG

DRILLER LOG
(SUMMARY)
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the presence of gravel lenses and the cementation of these
coarse materials (fig. IB). Gamma-ray patterns shown in
figure 8A are probably caused by the siltstone and mudstone interbeds of the generally sandstone overburden. The
sharp basal contact of these sandstones reflected by the
gamma-ray log curve is best displayed in figure 8A (depth
of 25 m) where the silty and muddy sandstone directly
overlies the Blue coalbed.
In core, the Blue coalbed is locally interbedded with
1.5-m-thick, rooted mudstone parting, and the overburden
above the coalbed is 45 m thick and includes interbedded
mudstone, siltstone, and sandstone (fig. 4A). The mudstone
is moderately to heavily bioturbated (silt-filled vertical and
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Figure 8. Drillholes showing geophysical, lithologic, and driller logs of rocks. See figure \B for location of drillholes. Arrows
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horizontal tubular burrows) and contains thin, burrowed,
flat lenses of siltstone. In addition, burrows occur in 2.57.6-cm-thick layers, particularly in the lowermost part of
the overburden (fig. 4A, at depths of 40-41 m). Here the
siltstone is moderately burrowed and contains ripple laminations; elsewhere, laminae have been destroyed by vertical and horizontal tubular burrows. The sandstone varies
from very fine to medium grained and contains some pebble
(quartz and chert fragments) conglomerate. It displays sharp
to erosional basal contacts; the latter type of contact is
lined with pebble conglomerate. The medium-grained, pebbly sandstone is trough crossbedded (troughs are 7.6-10.1
cm in height) and contains vertical tubular burrows (2 cm
long and 0.2 cm wide). This pebbly sandstone is overlain
by fine-grained sandstone that occurs in alternating foresets
(<15 cm in height) draped by thin (a few millimeters to 3
cm) layers or beds of rippled siltstone and mudstone. The
fine-grained sandstone exhibits a sharp base, ripple laminations, and cross-laminations (5.1-7.6 cm in height). It contains sparse to abundant vertical burrows. Also, it contains
abundant burrowed mudstone and siltstone lenses forming
flaser and lenticular bedding. The fine-grained sandstone
(fig. 4A) formed either as the upper part of a generally
coarsening-upward burrowed mudstone and burrowedrippled siltstone succession or as a single, fining-upward
body.

FACIES PROFILES
The interburden between the Red 2 and Red 3 coalbeds
has four types of facies profile (figs. 45-6). The type 1
facies profile consists of a succession of coarsening-upward siltstone and silty to very fine grained sandstone interbedded with mudstone in the lower part (depth 64-88 m,
fig. 45). This succession is capped by a 30-cm-thick unit
of coal and carbonaceous shale interbeds (depth 36 m, fig.
45) and contains a 3.0-cm-thick coal in the lowermost part
(depth 67 m, fig. 45). The mudstone is moderately to heavily
bioturbated, mainly by vertical tubular burrows (1-2 mm
long and 1 mm wide) but also by subordinate horizontal
tubular burrows (2-4 mm long and 1 mm wide), and it is
also rooted (roots represented by vertical coaly stringers),
particularly where mudstone underlies coalbeds. The mudstone locally contains thin (1-2 mm), burrowed siltstone
lenses. The siltstone is moderately burrowed and sparsely
rippled; ripple laminations are masked locally by heavy
bioturbation. The siltstone commonly underlies the coarsening-upward units. The sandstone is mainly ripple-laminated, intercalated with 2.5-5.1-cm-thick units containing
tubular vertical and horizontal burrows (1-3 mm long and 1
mm wide). In addition, the sandstone exhibits alternating
sandy rippled laminations and silty burrowed laminations.
The upper part of the type 1 facies profile (depth 3563 m, fig. 45) is a succession of fining-upward, silty to

very fine grained sandstone and siltstone interbedded with
mudstone. The mudstone and siltstone are similar to those
in the lower part of the facies; however, here in the upper
part of the facies, the mudstone and siltstone are alternating laminae associated with sandstones and form a 5-mthick succession of large-scale rhythmic interlaminations
or rhythmites. The sandstone consists of cross-laminations
(5.1-7.6 cm in height), ripple laminations, and flaser laminations (as much as 15 cm thick; fig. 9A). The upper part
of this sandstone contains small-scale rhythmites (2-3 cm
thick), which consist of cross-laminated silty sandstone separated by very thin rippled and burrowed siltstone and subordinate burrowed mudstone drapes (fig. 95). Some burrows
(fig. 9Q in the silty sandstone are >5.1 cm long and 0.1
cm wide, bifurcate in the lowermost part, and exhibit walls
that are partly lined with mud and have a crenulated (corncob) texture that resembles the Ophiomorpha-\ike burrows
described by Kamola (1984).
The type 2 facies profile, exemplified in figure 5A, is
dominated by siltstone and includes subordinate mudstone
and sandstone. The siltstone is commonly interbedded with
mudstone (fig. 10A) that is both vertically and horizontally
burrowed (2-mm-long and 1-mm-wide tubules) and rooted
(tubules as much as 10 cm long). This siltstone also contains a few zones with Ophiomorpha-like vertical burrows
marked by corncob walls (5.1 cm long). Sedimentary structures of the siltstone, where not destroyed by burrows, are
mainly ripple lamination and subordinate lenticular bedding. The sandstone is sharp based and cross-laminated
(laminae as much as 12.7 cm in height) and is separated by
zones containing Ophiomorpha-like burrows. Sandstone is
common in the lower part of the interburden.
The type 3 facies profile shown in figure 55 is generally fining upward and is dominated by silty to fine-grained
sandstone in the lower two-thirds of the interburden and
subordinate mudstone and siltstone in the upper one-third
of the interburden. The sandstone is moderately to heavily
bioturbated by tubular vertical burrows (>3 mm long and
1-2 mm wide; see fig. 11) and horizontal burrows (>5 mm
long and 1 mm wide). Ripple laminations range from 2.5
to 5.1 cm in height and occur as discrete zones and (or)
interspersed with the burrows. Cross-laminations (fig. 11)
are as much as 5.1 cm in height. The lowermost part of the
sandstone (depth 75-78 m, fig. 55) is interbedded with carbonaceous mudstone that is rooted. The mudstone is moderately burrowed (2-mm-long and 1-mm-wide tubules; fig.
11) and rooted; roots are concentrated in the uppermost
part of the mudstone. The siltstone is ripple laminated,
lenticular bedded, and burrowed (3-mm-long and 1-mmwide tubules; fig. 11).
The type 4 facies profile exhibited in figure 6 is a
succession of fining-upward, very fine to silty sandstone
interbedded with mudstone and siltstone. The sandstone
beds have sharp to erosional bases that are marked by coal
spars. Sandstone occurs either as a single fining-upward
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body or as multiple-stacked bodies. Two single fining-upward sandstone bodies (depths 47-49 m and 54-56 m, fig.
6) are trough crossbedded (troughs 5.1-7.6 cm in height) in
the lower part and ripple laminated in the upper part; a few
nondescript burrows are found in these sandstone bodies.
Single fining-upward sandstone bodies are directly overlain by bioturbated and rippled couplets of mudstone and
siltstone (rhythmites) and are interbedded with bioturbated
mudstone drapes (fig. lOfi). Four multiple-stacked sandstone bodies (depths 31-34 m, 36-39 m, 42-44 m, and 50.552 m; fig. 6) are trough crossbedded (troughs 5.1-10.1 cm
in height) and capped by rooted, carbonaceous mudstone,
coal, and rippled siltstone.

SEDIMENTOLOGICAL FACIES
INTERPRETATION OF THE CORES
The core descriptions were used to interpret sedimentary processes and environments of deposition of the
interburden and overburden rocks. Thus, the sedimentol-
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ogy of the interburden and overburden rocks between the
Red 1 and Blue coalbeds provides a general interpretation
of the depositional setting within the study interval. Descriptions of the interburden rocks between the Red 1 and
Red 3 coalbeds yield specific interpretations of the processes and environments of deposition.
RED 1 TO BLUE COALBEDS INTERBURDEN AND
OVERBURDEN

The succession of fining-upward sandstone, which is
underlain by conglomerate-lined erosional surfaces, between
the Red 1 and Red 2 coalbeds (fig. 4A) was probably deposited by repeated scouring and filling of low-sinuosity
channels similar to those studied by Lawrence and Williams (1987). The trough crossbeds in this channel sandstone probably represent rapid cut and fill by dune bedforms
(Smith, 1970; Ethridge, 1980; Tunbridge, 1981, 1984). The
erosionally based pebble conglomerate underlying the sandstone represents a channel-bottom lag deposit. Multiple

Figure 9. Photos of core (A, bottom; B, middle; C, top) of the tidal-channel interval shown in figure 4B. A, Trough
crossbedded (T), burrowed (B) sandstone with coal spar lag deposits (C) at depth 54.6 m. B, Alternating crosslaminated (CL) silty sandstone and rippled and burrowed (R-B) siltstone and mudstone (rhythmites) at depth 54 m. C,
Rippled (R), burrowed (B), flaser (F) bedded silty sandstone, siltstone, and mudstone (double drapes) at depth 53 m.
Upside-down Y-shaped Ophiomorpha-like burrow (O) penetrates rippled silty sandstone.
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and of burrowed, flat silty lenses in the mudstone indicate
an intertidal-subtidal environment (Reineck and Wunderlich,
1968; Evans, 1975; Larsonneur, 1975). In addition, alternating cross-laminations draped by rippled siltstone and
burrowed mudstone or mud drapes (fig. 9B) resemble
"bundles" in tidal environments (Visser, 1980; Nio and
Yang, 1991). Facies association of these "tidal bundles" in
the upper part of a erosionally based, trough crossbedded,
fining-upward conglomeratic sandstone suggests deposition
in a tidal channel (Berg, 1982; Reinson, 1989; Nio and
Yang, 1991). The tidal channel was probably rapidly infilled
by tidal flood-ebb flow cycles. Small and large rhythmic
interlaminations or rhythmites of sandstones, siltstones, and
mudstones represent deposition during tidal cycles (Nio
and Yang, 1991)
The Red 1, Red 2, Red 3, and Blue coalbeds were
probably deposited in mires in a fluvio-tidal coastal environment. Facies association of the Red 1 and Red 2 coalbeds
with braided-stream conglomeratic sandstone suggests accumulation in raised mires developed on abandoned
braidbelt ridges (Flores and others, 1994). The low ash

stacking of conglomeratic lag-sandstone couplets (fig. 44)
within a vertical sequence suggests deposition in smalland large-scale low-sinuosity channels of braided streams.
The thin conglomerate-sandstone couplets (fig. 4A) in the
lower parts of the two sequences indicate deposition in
small-scale narrow, shallow channels. The thick conglomerate-sandstone couplets (fig. 4A) in the upper parts of the
sequences suggest deposition in large-scale wide, deep channels. This sequential order probably reflects braidbelt evolution from inactive (small-scale channels) to active
(large-scale channels) (Smith, 1970; Rust, 1979). These
braided stream deposits probably formed in a fluvial environment, even though one of the sandstone sequences is
capped by bioturbated fine-grained sediments; bioturbation
suggests a subaqueous setting in an abandoned channel.
The moderately to heavily bioturbated mudstone, siltstone, and sandstone (fig. 4B) were probably deposited in
tidal and intertidal flat environments (Ginsburg, 1975;
Reineck and Singh, 1980; de Boer and others, 1988; Smith
and others, 1991). The presence of burrowed lenticular and
flaser beds in the fining-upward siltstone and sandstone

B

Figure 10. A, Photo of a core of
the intertidal flat interval in figure
5A. Burrowed (B) and rooted (R)
mudstone at depth 31 m. B, Photo
of core of tidal-channel interval in
figure 8. Alternating or rhythmic
silty sandstone and mudstone containing burrowed mud drapes (B)
of flaser bedding, ripple laminations (R), and lenticular bedding.
The core on the right is at depth
47-46.6 m, and the core on the left
is at depth 46.4-46.3 m.
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content (3.6-6 percent; Rao and Smith, 1987) of the Red 2
coalbed above the fluvial channel sandstone indicates that
the peat-forming mires were relatively protected from detrital influx. In contrast, the Red 3 and Blue coalbeds, which
are interbedded with tidal deposits and probably formed in
a topographically low (topogenous) mire, contain higher
ash contents (4.2-21.7 percent; Rao and Smith, 1987), indicating effects of sediment floods. Although the sulfur content of the combined Red 1, Red 2, Red 3, and Blue coalbeds
is generally low (0.08-0.19 percent; Rao and Smith, 1987),
the Red 2 coalbed contains less sulfur (0.08-0.13 percent)
than do the Red 3 and Blue coalbeds (0.12-0.19 percent).
These higher sulfur contents in the Red 3 and Blue coalbeds
may be explained by accumulation in tidally influenced
mires. That is, high sulfur content was produced by sulfate
reduction of brackish-marine waters that were introduced
over the peat mires (Gluskoter and Simon, 1968).
The vertical variations of the maceral composition of
the Red 1, Red 2, Red 3, and Blue coalbeds probably reflect differences in depositional environments of the mires
(Rao and Smith, 1987). Rao and Smith (1987) reported
cyclic variations of the maceral composition (for example,
vitrinite) from bottom to top of the Red 1 and Red 2
coalbeds. This cyclic variation of vitrinite in the Red 1 and
Red 2 coalbeds suggests episodic woody vegetal growth in
the mire. Rao and Smith (1987) also reported high liptinite
for the Red 1 and 2 coalbeds, which suggests decomposition of vegetal matter yielding concentration of resistant
exinite. Decomposition probably involved episodic oxida-
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tion of the woody vegetal matter in the raised mires on the
abandoned fluvial braidbelts and yielded liptinites as accumulation reached above the ground-water table. The organic matter accumulated episodically as the peat mire
underwent autocompaction. In contrast, Rao and Smith
(1987) reported a general upward increase in vitrinite and
liptinite composition in the Red 3 coalbed and a general
upward decrease of vitrinite and liptinite composition of
the Blue coalbed. These findings suggest a gradual occupation by, and then demise of, woody vegetation in the
topogenous mires. That is, upward increase of vitrinite in
the Red 3 coalbed indicates subaqueous to subaerial evolution of the tidally influenced peat mire permitting woody
vegetation to take root through time. The upward decrease
of vitrinite in the Blue coalbed, in contrast to patterns seen
in the underlying Red 1, Red 2, and Red 3 coalbeds, indicates short-lived occupation of woody vegetation in the
peat mire prior to tidal inundation.

RED 1 TO RED 3 COALBED INTERBURDEN

The facies of the interburden between the Red 1 and
Red 2 coalbeds (depths of 77-106 m, fig. 4A), which consists of sandstone and an intervening condensed section of
rooted mudstone, is interpreted as a channel and floodplain
deposit that is laterally equivalent to the fluvial channel
(braidbelt) sandstones between 60 and 93 m on figure 7A.
Splitting of the Red 1 and (or) Red 2 coalbeds reflects

Figure 11. Photo of cores of the tidal sand flat and
intertidal flat intervals in figure 5B. A, Cross-laminated
(CL), rippled (R), and burrowed (B) sandstone at depth
60 m. B, Lenticular bedded (L) and burrowed (B)
siltstone at depth 47 m.
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interruptions of the mires by overbank detrital sedimentation. Variations in the tidal depositional environment are
best displayed by the facies between the Red 2 and Red 3
coalbeds (facies types 1-4 described previously).
The type 1 facies profile (fig. 4B) represents local variations within the intertidal deposits. The succession of coarsening-upward, burrowed and rippled siltstone and sandstone
interbedded with burrowed mudstone containing silty lenticular beds is interpreted as intertidal-tidal sand flat deposition (Knight and Dalrymple, 1975; Thompson, 1975). The
sandstone containing alternating sandy rippled laminations
and burrowed silty laminations represents a tidal sand flat
deposit. This tidal sand flat probably formed above the
high-water level reworked by tidal currents (Thompson,
1975). The burrowed, lenticular-bedded mudstone and burrowed, rippled siltstone represent intertidal deposits. The
presence of rooted horizons and thin coalbeds indicates
that these deposits were transformed into supratidal mires.
The fining-upward, erosionally based sandstone capped by
alternating rippled and burrowed silty sandstone, siltstone,
and mudstone in the upper part of the type 1 facies profile
suggests that the intertidal environment was drained by
tidal channels. Ophiomorpha-\ike burrows in these sediments strengthen the argument for a marine influence. The
flaser and rhythmic beds associated with the tidal-channel
sandstone indicate small- to large-scale tidal-flood and ebb
flows (Nio and Yang, 1991).
The type 2 facies profile, which is dominated by burrowed, lenticular beds of sandy siltstone and subordinate
burrowed mudstone, represents a tidal sand-silt flat (fig.
5A). The presence of a few bioturbated zones with
Ophiomorpha-like burrows suggests that this tidal sand-silt
flat was partly formed in high-current areas (Harrison, 1975).
The presence of sharp-based, cross-laminated sandstone with
Ophiomorpha-like burrows indicates that the tidal flat was
aggraded by sand ridges that developed above high-water
level. The occurrence of rooted horizons in the tidal sandsilt flat supports the idea of high-water level sedimentation
and suggests sparse vegetal growth in local marshes that
developed in this high-water area.
The type 3 facies profile, which is dominated by a
thick, burrowed and rippled, silty to fine-grained sandstone,
is interpreted as a tidal sand flat (fig. 5B). However, unlike
the tidal sand flats described for the types 1 and 2 facies
profiles, this tidal-sand-flat deposit contains moderately to
heavily bioturbated zones interbedded with a discrete zone
containing ripple laminations. The presence of alternating
bioturbated, cross-laminated, and rippled zones indicates
deposition in low- and high-water areas in a broad tidal
sand flat. The overlying burrowed mudstone interbedded
with burrowed-rippled siltstone indicates that this tidal sand
flat was aggraded by a tidal mud flat. This mud flat was
later transformed into a marsh, as suggested by the occurrence of rooted horizons in the upper part of the type 3
facies profile.

The type 4 facies profile, which consists of a succession of sharp- to erosional-based, fining-upward, very fine
to silty sandstone interbedded with burrowed and rippled
mudstone and siltstone, rooted carbonaceous mudstone, and
coal, is interpreted as a tidal channel-intertidal-supratidal
complex (fig. 6). The tidal channel consists of single- to
multiple-stacked, trough-crossbedded, locally burrowed
sandstone. The presence of overlying rhythmites of burrowed mudstone and rippled siltstone and silty sandstone
suggests that this sandstone was deposited in a tidal setting
(Smith, 1987). The succession of burrowed mudstone and
rippled siltstone that overlies the sandstone indicates that
these tidal-channel deposits culminated in intertidal flats.
The channel deposits are best depicted in the lower part of
the type 4 facies profile between 45 and 49 m in figure 6.
The upper part of the type 4 facies profile contains similar
tidal-channel sandstone that is successively overlain by
rooted mudstone and coal. This pattern indicates development of ephemeral to long-lived supratidal marshes over
abandoned tidal-channel deposits.
The interburden between the Red 2 and Red 3 coalbeds
contains prevalent tidal-channel, tidal-flat, intertidal, and
supratidal facies types. Facies association of these tidal deposits, particularly with the overlying Red 3 coalbed, suggests accumulation in tidally influenced mires (Flores and
Johnson, 1995). Rao and Smith (1987) reported that the
Red 3 coalbed comprises, from bottom to top, 21.73 to
7.11 percent ash and 0.15 to 0.19 percent sulfur (as-received basis). The decreasing ash content toward the top of
the coalbed is consistent with progressive sheltering of the
mires from detrital influx, and with peat accumulation initially in topogenous mires but above water drainage or in
raised mires through maturity. Raised mires were recognized to form in coastal-plain settings by Cameron and
others (1989). The upward-increasing sulfur content of the
coalbed may suggest a tidal influence (Flores and Sykes,
1996).

COAL-QUALITY ANALYSIS
Our coal-quality data (table 1) from the Red 1, Red 2,
Red 3, and Blue coalbeds yielded a total of 165 samples
from 20 drillholes. Sample density ranged from 21 samples
for the Red 3 coalbed to 53 samples for the Blue coalbed;
this number of samples allows a meaningful statistical analysis. The coal-quality data consist of heat values in British
thermal units per pound (Btu/lb), and ash yield and sulfur
content are in percent (all values are on an as-received
basis). The coal-quality study by Rao and Smith (1987) in
the DCP area represents a detailed characterization of the
Red 1, Red 2, Red 3, and Blue coalbeds in a single drillhole.
Although their study provides an adequate knowledge of
vertical qualitative differences between these coalbeds, statistically significant differences cannot be determined from
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Table 1. Arithmetic means and standard deviations of ash, sulfur, and heat-value contents of the Red 1, Red 2, Red 3, and Blue
coalbeds
Variable

Number of
samples

Range
Minimum

Maximum

Arithmetic
mean

Standard
deviation

BLUE COALBED
Ash yield

53

4.18

34.36

Total sulfur

53

.07

.26

Heat value

53

4,190

11.88
.14
7,000

8,130

7.65
.04
930

RED 3 COALBED
Ash yield

21

5.34

47.70

Total sulfur

21
21

.09

Heat value

2,950

.25

11.15
.14
7,040

9.17
.05
1,080

7,970

RED 2 COALBED
Ash yield

49

4.11

49.97

11.49

10.88

Total sulfur

49

.04

.24

.12

.04

Heat value

49

2,960

8,500

7,070

1,230

RED 1 COALBED
Total sulfur

42
42

Heat value

42

Ash yield

5.30
.07
3,950

41.11
.30
8,070

12.26
.12
7,050

9.04
.05
980

1 Ash and total sulfur are in percent; heat value is in British thermal units per pound. All values are on an
as-received basis.

their data because of the limited number of samples available for each coalbed. To aid comparison with our results,
we summarize below the data of Rao and Smith (1987); all
values are on an as-received basis.
According to Rao and Smith (1987), the Red 1 coalbed
has heat values that range from 6,050 to 7,470 Btu/lb and
contains 9.0-23.5 percent ash (highest values toward the
top and bottom of the bed) and 0.13-0.16 percent sulfur.
The Red 2 coalbed ranges in heat value from 7,790 to
8,320 Btu/lb and contains 3.6-6.0 percent ash and 0.080.13 percent sulfur. The Red 3 coalbed ranges in heat value
from 6,260 to 7,810 Btu/lb and contains 6.8-21.7 percent
ash and 0.13-0.19 percent sulfur. The Blue coalbed ranges
in heat value from 7,740 to 8,020 Btu/lb and contains 4.25.6 percent ash and 0.12-0.14 percent sulfur.
The arithmetic means of the heat values of the Red 1,
Red 2, Red 3, and Blue coalbeds calculated from our data
range from 7,000 to 7,070 Btu/lb. The arithmetic means of
the ash yields and sulfur contents of these coalbeds range
from 11.15 to 12.26 percent, and from 0.12 to 0.14 percent,
respectively. Visual observations of these values indicate
that there appears to be no difference between the heat
values of the coalbeds.

Statistical analyses using Student's 7-test (at the 95percent confidence limit) were performed on the heat values, ash yields, and sulfur contents of the Red 1, Red 2,
Red 3, and Blue coalbeds. Tests between all coalbeds show
similarity in heat value and ash yields, suggesting similar
heat values regardless of the depths of occurrence of the
coalbeds and similar ash yields regardless of the depositional setting of the peat-accumulating mires. In addition,
the tests between the Red 1 and Red 2 coalbeds, as well as
between the Red 3 and Blue coalbeds, show similarities in
sulfur content. Tests between the Red 1 and Blue, Red 1
and Red 3, Red 2 and Red 3, and Red 2 and Blue coalbeds,
however, show differences in sulfur contents. The Student's
T-test suggests that the sulfur content of the Red 3 and
Blue coalbeds is statistically higher than that of the Red 1
and Red 2 coalbeds. This difference is attributed to the
tidal influence on the mires forming the Red 3 and Blue
coalbeds. A direct relationship between coal roof rocks deposited in a marine environment and high-sulfur content of
underlying coalbeds has been reported by Gluskoter and
Simon (1968); high-sulfur coals were attributed to sulfate
reduction of brackish-marine waters that inundated the peat
mires after deposition. Thus, the statistical analysis sup-
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ports the sedimentological interpretation of tidal deposits
from below the Red 3 to above the Blue coalbeds in contrast to fluvial deposits between the Red 1 and Red 2
coalbeds (fig. 4A).

SUMMARY AND CONCLUSIONS
The Tyonek coal-bearing interval in the DCP area contains at least four coalbeds (Red 1, Red 2, Red 3, and Blue)
between 30 and 135 m below the surface. These coalbeds,
which have a total cumulative thickness in excess of 21 m,
are amenable to strip mining and are generally subbituminous in rank with moderately low ash yields (range from
4.11 to 49.97 percent, mean of 11.74) and low-sulfur contents (range from 0.04 to 0.30 percent, mean of 0.12 percent). Affolter and Stricker (1993) report that Alaskan coals
of similar age and apparent rank have ash yields ranging
from 1.16 to 40.30 percent (mean of 10.71 percent) and
sulfur contents ranging from 0.01 to 1.65 percent (mean of
0.29 percent). Our stratigraphic and sedimentologic investigations of these minable coalbeds indicate that their sulfur contents may be influenced by the depositional
environments of the mires and related interburden and overburden rocks and by the coalification process. The higher
sulfur contents of the Red 3 and Blue coalbeds relative to
the Red 1 and Red 2 coalbeds may reflect accumulation in
mires influenced by tidal processes. The statistical similarity (Student's 7-test at the 95-percent confidence level) in
the ash yields of these coalbeds suggests that the mires
were equally exposed to sediment floods regardless of their
tidal and (or) fluvial origin. We interpret that the Red 3 and
Blue coalbeds accumulated in topogenous mires probably
formed in a tidally influenced coastal plain. The Red 1 and
Red 2 coalbeds accumulated on raised mires formed on
abandoned channel deposits along alluvial-ridge belts in a
fluvially influenced coastal plain. The difference in the environments of deposition of these peat mires controlled
maceral composition of the coalbeds. That is, the raised
peat mires were episodically oxidized above the groundwater table as organic matter accumulation from woody
vegetation overcame autocompaction. In comparison, the
organic accumulation from woody vegetation in the
topogenous peat mires evolved through the ebb and flood
of the tidal cycle.
Finally, the presence of tidal deposits in the drillhole
cores of our study interval in the DCP area indicates that
tidal influence in the Tyonek Formation is more pervasive
than was originally suggested by Flores and others (1994)
in their study of the Tyonek of the nearby Chuitna RiverChuit Creek area. The Tyonek Formation in the upper Cook
Inlet basin has generally been interpreted as nonmarine
braided fluvial deposits (McGee, 1972; Adkison and others, 1975; Kite, 1976; Dickinson and Campbell, 1978;
Dickinson and others, 1995). The Tyonek tidal deposits in

the DCP area include (1) intertidal-flat sediments with burrowed flaser (containing double-draped mudstones) and lenticular bedding, tidal bundles, and Ophiomorpha-\ik&
burrows; (2) tidal-channel sediments that are burrowed, basally erosional, and fining upward, overlain by alternating
burrowed mudstone and siltstone beds, and by cross-laminated and rippled sandstone beds (large-scale rhythmites);
(3) tidal-sand-flat sediments that are moderately to heavily
bioturbated and sparsely cross-laminated and rippled; and
(4) supratidal sediments consisting of rooted, burrowed,
and carbonaceous fine-grained detritus.
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Tectono-Geophysical Domains of Interior Alaska as Interpreted
From New Gravity and Aeromagnetic Data Compilations
By Richard W. Saltus, John F. Meyer, Jr., David F. Barnes, and Robert L. Morin

ABSTRACT
We identify and discuss 20 "tectono-geophysical domains" that span interior Alaska (61°-66°N., 144°-159°W.).
The boundaries of these domains are based on analysis of
gradients and patterns in new compilations of aeromagnetic and gravity data along with previously mapped
lithotectonic boundaries. The aeromagnetic compilation is
a mosaic of 23 different surveys flown between 1954 and
1982. The gravity compilation comprises about 9,800 gravity measurements collected between 1958 and 1992. Half
of the 20 tectono-geophysical domains are identified here
for the first time, and half are consistent with previous
geophysical interpretations by other workers based on previous geophysical data compilations. The tectono-geophysical domains (1) trace parts of the Peninsular, Wrangellia,
Kahiltna, Yukon-Tanana, Ruby, and Koyukuk lithotectonic
terrane boundaries beneath postaccretionary cover rocks;
(2) suggest subdivision of the Chugach, Peninsular, Kahiltna,
Yukon-Tanana, and Tozitna lithotectonic terranes; (3) delineate the newly recognized Nowitna-Sischu tectono-geophysical domain based on magnetic anomaly patterns; and
(4) extend to the south the Lower Yukon Basin, Koyukuk,
Kanuti, and Ruby geophysical domains previously defined
by Cady north of 65°N.

define "tectono-geophysical domains." In many cases our
tectono-geophysical domains correspond well with previously mapped lithotectonic terranes, often allowing them
to be tracked beneath postaccretionary cover rocks. In some
cases, the tectono-geophysical domains suggest subdivision
or modification of existing lithotectonic terranes. The geophysical boundaries may also reflect postaccretionary geologic structures.
Previous studies have examined regional geophysical
data for portions of interior Alaska using earlier data compilations. Cady (1989, 1991) examined magnetic and gravity data north of 65°N. He identified "geophysical domains,"
defined as "three-dimensional regions having characteristic
physical properties that express themselves as distinctive
patterns of geophysical anomalies." Our "tectono-geophysical domains" are analogous to Cady's "geophysical domains," but we also include previously mapped lithotectonic
terrane boundaries when defining domains. Our domains
are consistent with Cady's domains north of 65°N. and
extend those domains south of 65°N. Griscom and Case

INTRODUCTION
Interior Alaska (fig. 1) is a collage of amalgamated
lithotectonic terranes. These terranes are, by definition, faultbounded geologic packages with individual geologic histories. In many cases, these individual geologic histories have
created structural and stratigraphic contrasts that are reflected in the gravity and magnetic patterns observed in
these terranes. In particular, the faulted boundaries between
terranes often mark sharp contrasts in density or magnetic
properties that cause gradients in the gravity and magnetic
fields. We use new regional gravity and aeromagnetic data
compilations to interpret the locations of geophysical boundaries. We then use the geophysical boundaries in combination with previously mapped lithotectonic boundaries to

Figure 1. Index map showing the study area
relative to the state of Alaska.
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(1982, 1983) discussed magnetic anomalies in southern
Alaska (south of the Denali-Farewell fault; fig. 2). They
described the general magnetic character of the major southern Alaska lithotectonic terranes and discussed several discrete anomalies, including those related to (1) the northern
boundary of the Chugach terrane, (2) remanent magnetization in the Wrangell volcanic field (fig. 2), and (3) possible
deep magmatism associated with Mesozoic and Cenozoic
extension of the Copper River basin and the Cook Inlet.
Our tectono-geophysical domains south of the Denali-Farewell fault are consistent with the interpretations of Griscom
and Case (1982, 1983).

GRAVITY COMPILATION
The data sets used in this study were produced by
cooperative effort of the State of Alaska, Division of Oil
and Gas, and the U.S. Geological Survey (USGS). The
gravity data grid is constructed from about 9,800 measurements made by the USGS, the State of Alaska, and other
groups between 1958 and 1992 (fig. 3). The data are tied to
the International Gravity Standardization Net-71 (Morelli,
1974) and were reduced using the 1967 ellipsoid (International Association of Geodesy, 1971). Because topographic
maps of Alaska contain elevation errors of up to 25 m
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Figure 2. Interior Alaska geography with selected cities, basins, mountain ranges, volcanic fields, and faults identified. Topography
gray-scale interval is 250 m. Cities: F, Fairbanks; A, Anchorage. Volcanic fields: WVF, Wrangell volcanic field; NVF, Nowitna
volcanic field; SVF, Sischu volcanic field.
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the grid cells meet this criteria. Instead, grid values were
defined for cells within 10 km of a gravity measurement.
The large area of "white space" (regions more than 10 km
from a gravity measurement) in figure 3 shows the need
for additional gravity-data coverage in interior Alaska, particularly in the western half of the study area.
To emphasize density distributions in the uppermost
crust, we display (fig. 3) the isostatic residual gravity anomalies, which are constructed from the Bouguer anomalies by
subtraction of an isostatic regional field. This subtraction
removes the broad wavelength features of the Bouguer grav-

(Barnes, 1984), altimetry was used to reduce most of the
Alaskan gravity measurements included in this compilation
(Barnes, 1972). Complete Bouguer anomalies were calculated with terrain corrections from 0.39 to 166.7 km from
each measurement point using a digital elevation model
(Barnes, 1984). Most of the gravity data are accurate to
better than 5 mGal (1 mGal = I(r5m/s2).
The gravity data were interpolated onto a 1-km grid.
In order to contain maximum information at this scale,
each 1-km grid cell should be controlled by at least one
gravity measurement. However, only about 2 percent of
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Figure 3. Gravity grid and data. Isostatic residual gravity anomalies are based on about 9,800 measurements made between 1958 and
1992. Individual observation locations are plotted as small dots. These locations mostly follow rivers and roads. The contour interval is
20 mGal (1 mGal = 10"5 m/s2). The isostatic regional gravity anomaly is primarily sensitive to density variations in the upper crust and
was constructed from the complete Bouguer gravity values by subtraction of an isostatic regional field. The isostatic regional field is
from Barnes and others (1994).
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ity field that are caused by isostatic support of topography
(Simpson and others, 1986). A local support (Airy) model
was assumed, but the isostatic regional field is not strongly
model dependent. The isostatic regional field is from Barnes
and others (1994). The Bouguer gravity data grid is available from the National Geophysical Data Center in Boulder, Colorado (send inquiries to info@ngdc.noaa.gov). Color
contour maps of the complete Bouguer anomaly values are
available from the USGS (Meyer and others, 1996).

TERRACED RESIDUAL GRAVITY AND
BOUNDARIES
The terraced residual gravity map (fig. 4) accentuates
upper-crustal rock density boundaries, some of which coincide with previously mapped lithotectonic terrane boundaries in interior Alaska. Other important gravity boundaries
outline postaccretionary basins. The gravity-defined boundaries are of particular interest where they allow extrapola-

Terraced Map of Isostatic Residual Gravity
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Figure 4. Terraced residual gravity and boundaries. This map is constructed from the complete isostatic residual gravity map of figure 3
by application of the terracing operator of Cordell and McCafferty (1989) and highlights domains with contrasting upper-crustal rock
density. Lines mark major density boundaries identified from these data. These boundaries are used, along with magnetic and lithotectonic
boundaries, to define tectono-geophysical domains (fig. 8).
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tion of terranes beneath postaccretionary cover rocks. The
terraced residual gravity map (fig. 4) was constructed from
the isostatic residual anomaly map (fig. 3) by applying the
terracing transform of Cordell and McCafferty (1989). This
transform highlights upper-crustal rock-density boundaries
by steepening gradients. We have traced the major density
boundaries (black lines, fig. 4) and use these to help define
the tectono-geophysical domains discussed below.

AEROMAGNETIC DATA COMPILATION
Aeromagnetic data processing (editing and merging)
was performed by Paterson, Grant & Watson, Ltd., Toronto,
Canada under contract with the State of Alaska. Two grids
were produced at 1-km spacing: a composite grid and a
merged grid. These grids comprise data from 23 surveys
with flight-line spacings that vary from 800 m (V2 mi) to

,.159°
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10 km (6 mi) and flight elevations that vary from 120 m
(400 ft) above ground to 1.2 km (4,000 ft) barometric (fig.
5, table 1). For the composite grid (fig. 6), all surveys were
included at their original flight elevations. For the merged
grid, all surveys were mathematically continued to a common flight height of 300 m (1,000 ft) above ground (Meyer
and Saltus, 1995; Meyer and others, in press). This required upward continuation of the National Uranium Resource Exploration (NURE, flown at 122 m above ground)
surveys and level-to-drape continuation (to convert the constant-flight-elevation survey to one "draped" over topography) of the USGS Copper River survey (table 1). In addition
to the mathematical continuation, some adjustments of datum levels and of values along survey boundaries were
done (Meyer and others, in press; Paterson, Grant & Watson,
Ltd., written commun., 1994). Both gridded aeromagnetic
data sets are publicly available from the National Geophysical Data Center in Boulder, Colorado. Color contour
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Table 1. Aeromagnetic survey specifications keyed to figure 4
[AG, above ground; B, barometric elevation]
Survey
number
173
193
3019
3029
3054
3055
3121
3122
3177
4093
4094
4123
5006
6016
6023
6035
6036
6121
AK08
AK11
AK12
AK13
AK23

Date
flown
1954
1955
1972
1973
1975
1975
1978
1978
1979
1982
1982
1984
1979
1976
1976/77
1977
1977
1979
1971
1972
1973
1973
1982

Contractor

Area

U9GS

Copper River
Copper River
Northeast Alaska
Northeast Alaska
Talkeetna
Ruby
Medfra
Valdez
Chugach
Healy
Anchorage
Wrangell Mountains
Four Corners
Yukon
NURE - Cook Inlet
NURE - Eagle/Talkeetna
NURE Lime Hills/Lake Clark
NURE - West-central Alaska
East Alaska Range
Talkeetna/Anchorage
Big Delta/Fairbanks
Healy/Mt. Hayes
Eastern Coooer River

uses
Aero Service
GeoMetrics
LKB
Applied Geophysics, Inc.
LKB
LKB
LKB
Diversified Technical Service
Diversified Technical Service
Airborne Systems
Aero Service
Texas Instruments
LKB
Texas Instruments
Texas Instruments
Aero Service
LKB
LKB
LKB
LKB
Ertec

Flight-line spacing
(km)
(miles)
2
3
1
2
2
1.2
1
2
1
2
1
2
2
1
2
1
2
1
2
1
1
2
1
2
1
2
10
6
10
6
6
10
6
10
10
6
1
.75
1
.75
1
.75
1
.75
1
.5

Direction
N.-S.
N.-S.
N.-S.
N.-S.
N.-S.
N.-S.
N. 35° W.
N.-S.
N. 50° W.
N.-S.
N. 30° W.
E.-W.
N.-S.
E.-W.
E.-W.
E.-W.
E.-W.
E.-W.
N.-S.
N.-S.
N.-S.
N.-S.
N.-S.

Flight elevation
(meters)
(feet)
1,219
4,000
4,000
1,219
1,000
305
1,000
305
1,000
305
1,000
305
1,000
305
1,000
305
1,000
305
305
1,000
1,000
305
305
1,000
122
400
122
400
122
400
122
400
122
400
122
400
1,000
305
305
1,000
1,000
305
305
1,000
152
500

Flight
surface
B
B
AG
AG
AG
AG
AG
AG
AG
AG
AG
A3
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG

aeromagnetic maps have been produced using the merged
data set (Meyer and Saltus, 1995).
The patterns and amplitudes of the magnetic anomalies on the composite aeromagnetic map (fig. 6) reflect the
depth to and the magnetic character of crystalline basement, the distribution and volume of intrusive and extrusive
volcanic rocks, and the nature of boundaries between domains with contrasting magnetic rock properties. In interior Alaska, magnetic domain boundaries correlate strongly
with previously mapped lithotectonic terrane boundaries.
The magnetic domain boundaries are also important to both
mineral and petroleum exploration as potential zones of
concentrated deformation, fluid flow, magmatism, and heat
flow.

operation that eases interpretation by shifting aeromagnetic
anomalies to lie directly over their magnetic rock sources.
The terracing operator further aids in identification of magnetic rock source boundaries by steepening horizontal magnetic gradients. As with any derivative product, care should
be taken when interpreting features that have been affected
by processing. The magnetic boundaries used for tectonogeophysical domain delineation in this report were examined on a larger scale version of the composite map to
verify the nature of interpreted boundaries and also to check
that boundaries between surveys were not inadvertently interpreted as tectonic features.

TERRACED MAGNETICS AND
BOUNDARIES

Interior Alaska encompasses parts of about 20 different lithotectonic terranes (Silberling and others, 1994;
Nokleberg and others, 1994). These terranes have been
grouped (Plafker and Berg, 1994) into seven composite
terranes and two undifferentiated categories (fig. 8). As
defined by Plafker and Berg (1994, p. 991), a composite
terrane is "an aggregate of subordinate terranes which are
grouped based on an interpretation of similar lithotectonic
kindred or affinity." Further, "there is no implication regarding whether the terranes came together before or after
accretion to the continent" (Plafker and Berg, 1994, p. 991).
In the composite-terrane descriptions that follow, terrane
names are from Silberling and others (1994) unless otherwise specified. The seven composite terranes are listed below, proceeding roughly from south to north, with all
descriptions condensed from Plafker and Berg (1994):

The terraced magnetic map (fig. 7) accentuates boundaries between upper-crustal regions with contrasting magnetic character. These magnetic boundaries generally follow
previously mapped boundaries between lithotectonic terranes (fig. 8) and often allow these terrane boundaries to be
traced beneath postaccretionary cover rocks. The magnetic
boundaries are the primary information used to define the
tectono-geophysical domains outlined below.
The terraced magnetic map (fig. 7) was produced from
the merged aeromagnetic grid by the following process: (1)
reduction-to-pole of the total field magnetic anomaly, and
(2) application of the terracing operator of Cordell and
McCafferty (1989). Reduction-to-pole is a mathematical

LITHOTECTONIC TERRANES

TECTONO-GEOPHYSICAL DOMAINS OF INTERIOR ALASKA

1. SCT, Southern Margin composite terrane (includes
parts of the Chugach and Prince William terranes within
the study area), is a complexly deformed accretionary prism
containing Upper Triassic to Paleogene oceanic rocks,
melange, and flysch. The rocks of this terrane record Early
Jurassic to middle Eocene crustal convergence of arc-related volcaniclastic and volcanic rocks against the Pacific
margin of the Wrangellia composite terrane; Early Jurassic
and mid-Cretaceous blueschist metamorphism; Eocene hightemperature/low-pressure metamorphism and intrusion of
anatectic tonalitic plutons; and 16°-30° northward displacement relative to the craton since the Late Cretaceous.
2. WCT, Wrangellia composite terrane (includes parts
of the Wrangellia and Peninsular terranes within the study
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area), is composed of Late Proterozoic and younger magmatic arc, oceanic plateau, and rift fill. The rocks record
several periods of arc magnetism from Late Proterozoic to
post-Eocene; Middle to Late Triassic emplacement of basalt and gabbro; younger Jurassic volcanism with
comagmatic granitic intrusion; up to 25° northward displacement relative to the North American craton during the
Late Triassic to mid-Cretaceous; and emplacement by midCretaceous and subsequent contractional deformation and
collapse of flysch basins.
3. CCT, Central composite terrane (includes the
Dillinger, Livengood, Nixon Fork, Minchumina, Mystic,
Wickersham, and White Mountains terranes of Silberling
and others, 1994 note that several of these (Mystic, White
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Figure 6. Composite aeromagnetic map, showing aeromagnetic anomalies from 23 different surveys flown between 1954 and 1982.
White lines show boundaries between individual aeromagnetic surveys (fig. 5, table 1). The aeromagnetic data have a large amplitude
range, and it is difficult to show all the features with a limited number of contour levels.
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Mountains, Dillinger, and Nixon Fork) are grouped as sequences within the Farewell Terrane by Decker and others,
1994), is made up primarily of rifted, rotated, translated,
and imbricated miogeoclinal fragments. Rock exposure is
generally poor and relations between and among terranes
are not well known. This composite terrane consists of
Late Proterozoic and Cambrian clastic deposits (Wickersham
terrane), Late Proterozoic metamorphic basement overlain
by Middle Cambrian to Upper Devonian carbonate rocks
and terrigenous Permian, Triassic, and Lower Cretaceous
marine sedimentary rocks (Nixon Fork terrane); Ordovi-

cian bimodal volcanic rock, volcaniclasic rocks, and conglomerate overlain by Silurian and Devonian carbonate
rocks and capped by undated clastic sedimentary rocks
(White Mountains terrane); a Paleozoic sequence of shales,
cherts, turbidites, pillow basalt, limestone, and conglomerate (Minchumina, Mystic, and Dillinger terranes); and small
areas of Early Cambrian or older ultramafic and gabbro
units that underlie Ordovician chert, mafic volcanic, and
carbonate rocks (Livengood terrane). The rocks record late
Precambrian to Ordovician emplacement of ultramafic and
deep-marine rocks; deposition of a shelf sequence that

Terraced map of Interior Alaska Merged Reduced-to-Pole Magnetics
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Figure 7. Terraced reduced-to-pole magnetics and boundaries. This map is constructed from the composite aeromagnetic anomaly map
(fig. 6) by a three-step process: (1) mathematical merging of individual surveys to a common flight altitude of 300 m (1,000 ft) above
ground, (2) reduction-to-pole to center the anomalies over their causative magnetization sources, and (3) application of the terracing
operator of Cordell and McCafferty (1989) to accentuate the boundaries between domains with contrasting magnetization. The map is
displayed with a 40-nT contour interval to accentuate features in domains with low magnetic amplitudes. The solid white lines mark
primary boundaries marked by steep magnetic gradients. The dashed white lines mark secondary boundaries identified by contrasts in
magnetic-anomaly patterns.
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interfingered with slope and basin facies including mafic
volcanic and ultramafic rocks; and Devonian folding and
northeast-verging thrusting toward the craton in the White
Mountains terrane.
4. YCT, Yukon composite terrane (includes just the
Yukon-Tanana terrane within the study area), is a mainly
crystalline terrane with overlying arc-related rocks. The crystalline rocks of the Yukon composite terrane are Late Proterozoic to Mississippian schists and gneisses with strong
affinities to rocks of the North American craton margin.
The rocks record several periods of arc magmatism from

the Late Devonian to the mid-Cretaceous; Middle Jurassic
accretion of the Yukon composite terrane against the continental margin; Early Jurassic episodes of regional plutonism
and metamorphism; and mid-Cretaceous plutonism and
crustal extension in east-central Alaska.
5. RB, Ruby composite terrane, is a poorly known and
structurally complex metamorphic terrane. The rocks of
the Ruby terrane include schists, gneisses, marbles, and
metabasalts that probably originated as a continental margin assemblage. The rocks contain fossils as old as Proterozoic and as young as Devonian. The terrane is locally
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intruded by mid-Cretaceous granitic plutons, especially to
the north of the Kaltag fault (fig. 2). The rocks record early
Paleozoic continental-margin sedimentation followed by emplacement of granitic plutons; Late Jurassic to Early Cretaceous high-pressure/high-temperature metamorphism related
to ophiolite obduction and arc accretion; and mid-Cretaceous plutonism.
6. OCX, Oceanic composite terrane (includes the
Innoko, Tozitna, and Angayucham terranes note that all
of these terranes are identified as part of the Angayucham
terrane in the compilation by Nokleberg and others, 1994),
is composed mainly of oceanic basalt, sedimentary rocks,
and minor ultramafic rocks. Plafker and Berg (1994) interpret this composite terrane as composed of obducted fragments of the paleo-Pacific crust that were thrust onto the
continental margin before and during the accretion of the
Togiak-Koyukuk composite terrane in Late Jurassic and
Early Cretaceous time.
7. TCT, Togiak-Koyukuk composite terrane (includes
the Koyukuk and Togiak terranes), is a poorly exposed
terrane consisting of Late Triassic through Early Cretaceous arc-related volcanic and volcaniclastic rocks and their
intrusive equivalents. The arc rocks of the composite terTane are overlain by mid-Cretaceous marine and nonmarine
sedimentary rocks and by Upper Cretaceous and Paleogene
volcanic and marine sedimentary rocks. The rocks record
Middle Jurassic metamorphism; Middle Jurassic through
Early Cretaceous arc volcanism; latest Jurassic or earliest
Cretaceous emplacement against the continental margin;
arc accretion and regional metamorphism of lower plate
rocks; and mid-Cretaceous plutonism and early Teriary arc
volcanism and related plutonism.
The two undifferentiated categories are (1) U, undifferentiated Mesozoic and Cenozoic basinal deposits and
deformed flysch basins (includes parts of the Kahiltna,
Manley, Livengood, and Windy-McKinley terranes); and
(2) Ut, other undifferentiated terranes (includes about eight
small terranes that fall in the tectonic wedge between the
YCT and WCT composite terranes).
The full extent and boundaries of many of these terranes are obscured by postaccretionary cover (fig. 8). Previously mapped exposed boundaries between the terranes
(Silberling and others, 1994) show significant correspondence with the gravity and magnetic gradients observed in
our data compilations (figs. 3, 6).

DEFINITION OF TECTONOGEOPHYSICAL DOMAINS
By comparing lithotectonic boundaries (Silberling and
others, 1994) to geophysical boundaries defined in this study
we have provisionally identified 20 "tectono-geophysical"
domains (fig. 9). The domains are defined chiefly by magnetic boundaries (fig. 7). Gravity boundaries play a sec-

ondary role, partly because data coverage is much poorer
and partly because gravity is generally more sensitive to
structure within the postaccretionary section than to tectonically significant basement structure (because of the
greater contrast in density between the postaccretionary section and the basement than between intrabasement units).
North of 65°N. our domains are consistent with geophysical domains previously identified by Cady (1989, 1991).
South of the Denali-Farewell fault (fig. 2; the southern
boundary of the YCT, fig. 8), our tectono-geophysical domains agree broadly in character and boundaries with the
interpretations of Griscom and Case (1982, 1983).
Proceeding roughly from south to north, our domains
are as follows (fig. 9):
1. CG, Chugach tectono-geophysical domain. This domain corresponds to the Chugach lithotectonic terrane (eg,
fig. 8), part of the Southern Margin composite terrane (SCT,
fig. 8). The northern boundary is sharply defined by the
magnetic data. The magnetic expression of the domain is a
broad gradient with decreasing magnetic values to the north;
these values possibly trace the top of magnetic basement
(an oceanic slab?) as it dips to the north beneath a (mostly)
magnetically transparent upper crust. Gravity data suggest
three subdivisions of this domain based on average density
of the upper crust (gl, g2, g3, fig. 9). These subdivisions
increase in average density from west to east. This terrane
is mostly nonmagnetic, with a few major positive and negative anomalies that are caused locally by mafic and ultramafic bodies as well as by thick sequences of mafic
submarine volcanic rocks (Griscom and Case, 1983). A
narrow series of major magnetic anomalies marks the northern boundary of this domain. These discrete anomalies are
probably caused by Jurassic gabbros, diorites, and tonalites
(Griscom and Case, 1983). Griscom and Case (1983) suggested that this narrow unit should be regarded as a separate terrane. This narrow band of anomalies falls in our
PE1 domain, which is discussed next.
2. PE1, Peninsular tectono-geophysical domain #1. This
domain encompasses a portion of the Peninsular
lithotectonic terrane (pe, fig. 8) which is part of the
Wrangellia composite terrane (WCT, fig. 8). The magnetic
data suggest that this terrane extends to the southwest beneath the postaccretionary cover rocks (fig. 8). The PE1
domain is sharply delineated by the magnetic data, and the
northern boundary is also traced by the gravity data. PE1 is
a domain of broad magnetic highs that suggest a high crustal
concentration of magnetite with induced and normal-polarity remanent magnetization. It is also a domain of high
average crustal density based on the gravity data. The highamplitude magnetic anomalies are caused by plutons of
Jurassic, Cretaceous, and Tertiary age, and by the Cenozoic volcanic rocks at the surface (Griscom and Case 1983).
This domain also contains, at its southern margin, the narrow, high-amplitude anomaly identified by Griscom and
Case (1983) as the Chugach Mountains anomaly. They sug-
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gested that this anomaly should be classified as a separate
terrane, but we feel it encompasses too small a region to
warrant subdivision at this scale of study.
3. PE2, Peninsular tectono-geophysical domain #2. This
domain encompasses a portion of the Peninsular
lithotectonic terrane, part of the Wrangellia composite terrane. The southern boundary is sharply delineated by the
magnetic data. The northern boundary is defined by the
mapped lithotectonic boundary (Silberling and others, 1994)
but is not expressed geophysically. On the basis of geophysics alone, PE2 would be part of the Wrangellia tectonogeophysical domain (David Campbell, oral commun., 1996).
PE2 is a domain of high-amplitude, short-wavelength, magnetic highs and lows, and generally characterized by high
gravity. The magnetic lows may be topographic or geomet-

ric effects or they may indicate reverse-polarity remanent
magnetization. Like WR (discussed below), the magnetic
anomaly patterns in PE2 are caused by "numerous magnetic anomalies with complex sources: Triassic basalt flows,
a folded mafic-ultramafic sheet, Mesozoic and Cenozoic
plutons, and Cenozoic volcanic rocks" (Griscom and Case,
1983).
4. WR, Wrangellia tectono-geophysical domain. WR
corresponds to the Wrangellia lithotectonic terrane (wr, fig.
8), part of the Wrangellia composite terrane (WCT, fig. 8).
The geophysical data suggest that this terrane extends to
the southwest beneath the postaccretionary cover rocks. The
northern boundary of WR is sharply defined by the magnetic data and is partially traced by the gravity data. As
mentioned above, WR is geophysically similar to the PE2
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domain to the south and has similar complex volcanic and
ultramafic sources for the magnetic anomalies.
5. KH1, Kahiltna tectono-geophysical domain #1. This
domain encompasses portions of the Kahiltna (kh, fig. 8)
and Dillinger (dl, fig. 8) lithotectonic terranes, which are
part of the Central composite terrane (CCT, fig. 8) and of
the undifferentiated Mesozoic and Cenozoic basinal deposits and deformed flysch basins (U, fig. 8). KH1 is a domain
of generally low magnetic relief punctuated by scattered
discrete magnetic highs. The northern boundary is subtly
expressed in the magnetic data and is also expressed in a
few isolated places by the gravity data. KH1 (and KH2; see
below) is relatively nonmagnetic but contains some plutons
that have discrete anomalies (Griscom and Case, 1983).
Contact metamorphic aureoles associated with some plutons that intruded flysch have reversed-polarity remanent
magnetization associated with pyrrhotite (Griscom and Case,
1983).
6. KH2, Kahiltna tectono-geophysical domain #2. This
domain encompasses a portion of the Kahiltna lithotectonic
terrane (kh, fig. 8), part of the undifferentiated Mesozoic
and Cenozoic basinal deposits and deformed flysch basins
(U, fig. 8). It is a domain of neutral magnetic values punctuated with isolated magnetic highs. This domain is similar
in magnetic character to KH1 but has a more negative average residual magnetic value (caused by a contrast in basement rock lithology?); it also has generally broader magnetic
highs (caused by deeper magnetic sources?). KH2 is a domain with poor gravity-data coverage. KH2 may owe its
magnetic character to the interaction of plutonic intrusions
with flysch basins (Griscom and Case, 1983).
7. PN, Pingston tectono-geophysical domain. This domain corresponds to the Pingston (pn, fig. 8) and McKinley
(mk, fig. 8) lithotectonic terranes (Silberling and others,
1994), part of the undifferentiated terranes of Plafker and
Berg (1994; Ut, fig. 8). Geophysically, PN is a domain of
generally low magnetic relief and high average density. Its
boundaries are traced by a combination of subtle magnetic
and gravity gradients. The coincidence of these subtle geophysical gradients with the mapped lithotectonic boundaries strengthens the case for defining PN as a distinct
tectono-geophysical domain; this case would be more difficult to make on the basis of the overall geophysical character of the domain, which is similar to that of the YT2
domain to the north. The generally high average density of
PN may be caused by higher average metamorphic grade
in this domain compared with surrounding terranes.
8. MB1, Mesozoic Basin tectono-geophysical domain
#1. This domain encompasses portions of the Nixon Fork
(nx, fig. 8) and Dillinger (dl, fig. 8) lithotectonic terranes,
which are part of the Central composite terrane (CCT, fig.
8), as well as areas of postaccretionary cover (white areas
of fig. 8). Both the Nixon Fork and Dillinger lithotectonic
terranes consist primarily of sedimentary-rock units including abundant carbonates. This geology is reflected geo-

physically in MB1 as low magnetic relief and generally
positive gravity values. This domain has strong geophysical affinity to the YT2 domain described below.
9. MB2, Mesozoic Basin tectono-geophysical domain
#2. This domain encompasses a portion of the Nixon Fork
(nx, fig. 8) lithotectonic terrane, which is part of the Central composite terrane (CCT, fig. 8), but mostly it corresponds to exposures of postaccretionary cover rocks (white
areas of fig. 8). MB2 is a domain of low magnetic relief
and near-zero average residual magnetic values and of nearzero to slightly negative residual gravity values. Both of
these geophysical signatures suggest the presence of a thick
sedimentary section above the crystalline basement. A
greater thickness of the postaccretionary rock section in
MB2 may be the primary difference between MB2 and the
adjacent MB1 and YT2 domains.
10. YT1, Yukon-Tanana tectono-geophysical domain
#1. This domain encompasses a portion of the YukonTanana lithotectonic terrane, which is the same as the Yukon
composite terrane (YCT, fig. 8) within the study area. YT1
is a domain of distinctive magnetic-anomaly patterns that
consist of generally high average values with short-wavelength highs superimposed. These generally high average
magnetic values reflect the crystalline makeup of this metamorphic terrane, and the short-wavelength highs may reflect gneissic plutons and scattered ophiolites. The
geophysical distinctions between YT1, YT2, and YT3 are
relatively subtle and may relate, at least partly, to differences in aeromagnetic data quality over the three domains.
YT1 is a domain of zero to low positive values of residual
gravity.
11. YT2, Yukon-Tanana tectono-geophysical domain
#2. This domain encompasses a portion of the YukonTanana lithotectonic terrane, which is the same as the Yukon
composite terrane (YCT, fig. 8) within the study area, although much of the domain is obscured by postaccretionary
cover rocks. It is a domain of low-amplitude magnetic highs
and lows and distinctive "riftlike" en-echelon features in
both the magnetic and gravity data. The geology of the
domain is dominated by postaccretionary exposures, with
some areas of crystalline Yukon-Tanana rocks mapped.
Based on the "riftlike" patterns in the geophysical data for
YT2, we speculate that the lower average magnetic values
of YT2 compared with YT1 may reflect thinning of the
YT2 domain by postaccretionary extension.
12. YT3, Yukon-Tanana tectono-geophysical domain
#3. This domain encompasses portions of the Yukon-Tanana
terrane, which is the same as the Yukon composite terrane
(YCT, fig. 8) within the study area, and several small,
primarily clastic terranes of the Central composite terrane
(Manley, White Mountains, and Wickersham). It is a domain of positive, low-relief magnetics and generally positive gravity. The northern boundary is defined by a string
of sinuous high-amplitude magnetic anomalies, possibly suture zones containing ophiolitic rocks. The geophysical con-
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tinuity of YT3 with YT1 suggests that the Yukon-Tanana
crystalline basement extends beneath the (thin-skinned?)
Central composite terrane in the northern part of YT3.
13. NS, Nowitna-Sischu tectono-geophysical domain.
This domain encompasses portions of the Innoko terrane
(in, fig. 8), which is part of the Oceanic composite terrane
(OCT, fig. 8), and the Nixon Fork terrane (nx, fig. 8),
which is part of the Central composite terrane (CCT, fig.
8). It is also partly covered by postaccretionary rocks (white
areas, fig. 8). NS is a domain of high-amplitude, shortwavelength magnetic anomalies that are unlike those in
surrounding domains. NS encompasses parts of the mapped
Nowitna and Sischu Late Cretaceous to early Tertiary volcanic fields (fig. 2; Moll-Stalcup and Arm, 1989) and spans
the region between them. The distinctive magnetic-anomaly
pattern is probably caused by the andesites and rhyolites of
these volcanic fields and their associated intrusions. Gravity anomalies in NS are not distinctive, although data coverage is very sparse.
14. CS, Complex Sutured tectono-geophysical domain.
This domain encompasses all or parts of a number of miscellaneous small terranes (Livengood, Wickersham, White
Mountains, and Tozitna) of the Central composite terrane
(CCT, fig. 8) north of the Yukon-Tanana terrane. The geology exposed in these small terranes is quite variable and
includes Paleozoic sedimentary, carbonate, and volcanic
rocks. CS is a domain of variable magnetic character
bounded by sinuous, high-amplitude magnetic anomalies
(oceanic crust trapped in suture zones?). The domain also
contains discontinuous domains of linear gravity gradients
that probably mark boundaries of the smaller terranes. This
domain was labeled as "Miscellaneous domains outside the
study area" by Cady (1989). At the scale of this study, we
have chosen to lump this domain together; at larger scale,
the geophysical data would probably suggest further subdivision of this domain.
15. TZ1, Tozitna tectono-geophysical domain #1. This
domain encompasses part of the Tozitna lithotectonic terrane (tz, fig. 8), which is part of the Oceanic composite
terrane (OCT, fig. 8). TZ1 is a domain of discrete magnetic
highs and lows, many with east-west trend, and is bounded
on the south by a sinuous magnetic high (suture zone?).
TZ1 is consistent with the Tozitna domain as defined by
Cady (1989, 1991). The east-west-trending gravity and
magnetic highs are caused by sills of layered gabbro and
cumulus wehrlite (Cady, 1991). The high-amplitude magnetic character of this domain contrasts sharply with
the quiet magnetic field of the TZ2 domain (discussed below), suggesting a lack of these magnetic source rocks in
TZ2.
16. TZ2, Tozitna tectono-geophysical domain #2. This
domain corresponds to (although not exactly) part of the
Tozitna lithotectonic terrane (tz, fig. 8), which is part of
the Oceanic composite terrane (OCT, fig. 8). TZ2 is a domain of very quiet magnetics with a near-zero mean re-
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sidual value. A pair of gravity gradients define the eastern
and western boundaries of the northern part of the domain.
TZ2 differs geophysically from the high-amplitude magnetic patterns in TZ1. The difference in geophysical character suggests that if TZ2 is part of the Tozitna lithotectonic
terrane, it does not contain the same highly magnetic sills
present in TZ1.
17. RB, Ruby tectono-geophysical domain. This domain corresponds to the Ruby lithotectonic terrane (RB,
fig. 8). RB is a domain of low-amplitude, short-wavelength
magnetic highs and lows with a near-zero mean residual
value. Although gravity-data coverage is poor in this area,
sections of the boundary are marked by discontinuous gravity gradients. RB is consistent with the Ruby domain as
defined by Cady (1989). Short-wavelength magnetic highs
and lows in RB are caused by mid-Cretaceous plutons that
tend to cause magnetic lows in the south and magnetic
highs in the north (Cady, 1989). This pattern of magnetic
pluton signature may be related to the composition of lowercrustal rocks (felsic in the south to more mafic in the north)
that were melted in forming the plutons (Arth and others,
1989).
18. KN, Kanuti tectono-geophysical domain. This domain encompasses part of the Angayucham lithotectonic
terrane (am, fig. 8), which is part of the Oceanic composite
terrane (OCT, fig. 8). KN is a domain of large-amplitude
magnetic highs and generally higher gravity than adjacent
domains. The northern and southern boundaries are defined by contrasts in magnetic-anomaly patterns. The northern boundary of KN agrees in part with a gravity-gradient
boundary. KN is consistent with the Kanuti domain as defined by Cady (1989). The geophysical patterns of this
domain are caused by three suites of ultramafic rocks that
include a cumulus plutonic suite, an underlying ultramafic
tectonite, and sills of wehrlite and associated layered gabbro (Cady, 1989). KN is distinguished from a separate
Angayucham domain north of 67°N. by its complexity and
higher amplitude magnetic anomalies (Cady, 1989).
19. KY, Koyukuk tectono-geophysical domain. This
domain encompasses the Koyukuk lithotectonic terrane (ky,
fig. 8), which is part of the Togiak-Koyukuk composite
terrane (TCT, fig. 8), and areas of postaccretionary cover
rocks. KY is consistent with the Koyukuk domain as identified by Cady (1989) north of 65°N. and extends that domain to the south. KY is a prominent domain of
large-amplitude, long-wavelength residual magnetic highs
and lows and generally neutral to slightly positive residual
gravity. The geophysical signature reflects the dense, magnetic rocks of a magmatic arc (Cady, 1989). Magnetic and
gravity lows are caused by granitic plutons that intrude the
arc, although aeromagnetic data resolution is insufficient to
resolve much about the igneous variability within the domain (Cady, 1989).
20. LY, Lower Yukon Basin tectono-geophysical domain. This domain encompasses an area of postaccretionary
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cover rocks. LY is consistent with the "Lower Yukon (sub)
Basin" as identified by Cady (1989) north of 65°N. and
extends that domain to the south. LY is a domain of low
magnetic relief, in sharp contrast to the adjacent KY domain. LY has poor gravity coverage. Analysis of the lowamplitude aeromagnetic anomalies in LY suggests that the
mid- and Late Cretaceous sedimentary rocks of the Nulato
Hills (fig. 2) are underlain by magnetic basement at a depth
of about 8 km (Zietz and others, 1959).

SUMMARY
We analyzed new compilations of aeromagnetic and
gravity data for interior Alaska in order to delineate geophysical boundaries. Comparison of these geophysical
boundaries and previously mapped boundaries of
lithotectonic terranes allowed us to identify 20 "tectonogeophysical domains." Most of these domains can be directly associated with lithotectonic terranes. In many cases,
the domains trace the lithotectonic terrane boundaries as
they extend beneath postaccretionary cover rocks. In other
cases, the domains suggest modification or subdivision of
-previously mapped lithotectonic terranes. North of 65°N,
our domains agree with the previously defined Koyukuk,
Kanuti, Ruby, Tozitna, and Lower Yukon Basin geophysical domains of Cady (1989, 1991); We extend all but the
Tozitna domain to the south in this study. South of the
Denali-Farewell fault, our tectono-geophysical domains
agree broadly with the geophysical characterization of
lithotectonic terranes previously done by Griscom and Case
(1982, 1983).
Our most important conclusions are the following:
1. Magnetic data trace the northward-dipping basement
of the Chugach terrane.
2. Based on magnetic-anomaly patterns, the Peninsular
lithotectonic terrane should be subdivided into two geophysical subunits (PE1 and PE2, fig. 9). PE2 has similar
magnetic-anomaly patterns to the Wrangellia tectono-geophysical domain.
3. Magnetic anomaly patterns suggest subdivision of
the Kahiltna lithotectonic terrane based on inferred basement-rock variation (KH1, KH2, fig. 9).
4. The Pingston and McKinley terranes (our PN tectonogeophysical domain) are distinct geophysically from the
neighboring terranes, possibly as a result of higher metamorphic grade.
5. The Mesozoic basins of southwestern interior Alaska
can be divided into two tectono-geophysical domains based
on the inferred total thickness of the sedimentary section.
6. The Yukon-Tanana lithotectonic terrane is subdivided based on magnetic anomaly patterns into three separate domains that may represent differing postaccretionary
tectonic histories (that is, possible extension in YT2 com-

pared with no extension in YT1) and continuation beneath
thin-skinned terranes (YT3).
7. The Nowitna-Sischu tectono-geophysical domain
outlines a connection between the Nowitna and Sischu volcanic fields.
8. The Complex Sutured tectono-geophysical domain
is a lumped domain where sutures between smaller terranes are distinctive geophysically.
9. Two different parts of the previously mapped Tozitna
lithotectonic terrane are very different geophysically (TZ1,
TZ2).
10. Our tectono-geophysical domains show the southern continuation of Cady's Ruby, Koyukuk, Kanuti, and
Lower Yukon domains to the south of 65°N.
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Provenance of the Carboniferous Nuka Formation, Brooks
Range, Alaska: A Multicomponent Isotope Provenance Study
with Implications for Age of Cryptic Crystalline Basement
By Thomas E. Moore, Sidney Hemming, and Warren D. Sharp

ABSTRACT
Arkose, arkosic limestone, and limestone of the Carboniferous Nuka Formation are present as thin thrust imbricates, fault slivers, and olistoliths along the length of the
central and western Brooks Range at the highest structural
levels of the Arctic Alaska terrane. Although the composition, depositional facies, and texture of the Nuka Formation are consistent with derivation from a local granitic
source, the allochthonous position of the Nuka precludes
identification of its source area. Possible granitic source
areas for the Nuka in the Arctic Alaska terrane are sparse
Late Proterozoic and Early Devonian granitic rocks in the
southern Brooks Range, but derivation of the Nuka from
these rocks would require structural restoration of the Nuka
along presently unrecognized out-of-sequence faults.
To help identify the nature of the source area of the
Nuka Formation, a combination of U-Pb zircon and rutile
geochronology, K-Ar geochronology of potassium feldspar,
Pb isotopic composition of detrital quartz and feldspar
grains, and Nd and Pb isotopic compositions and rare earth
element patterns of whole-rock samples of the Nuka were
investigated from samples collected at its type locality in
the northern Brooks Range. These data indicate that the
arkosic detritus in the Nuka Formation was derived from
about 2.0-2.1 Ga granitic sources with mantlelike initial
Pb and Nd isotopic compositions. Discordant U-Pb ages of
sparse, dark-brown zircon grains suggest that country rocks
of the granitic rocks are at least as old as 2.2 Ga. A nearconcordant U-Pb age for detrital rutile and K-Ar ages from
detrital feldspar suggest that the subsequent thermal history
of the Nuka and its source did not exceed about 400°C
since 1.9 Ga and 200°C since 1.2-1.8 Ga. Detrital quartz
grains, combined with detrital feldspar grains and wholerock samples, provide a Pb-Pb age of 1,954±56 Ma, supporting the interpretation that the Nuka was derived from
an Early Proterozoic region with a limited age range.
The isotopic data indicate that the Nuka Formation
was not derived from a source area in the presently exposed rocks of the southern Brooks Range. Although a

source in the Arctic Alaska terrane cannot be ruled out, the
data support the hypothesis that the Nuka Formation was
derived from a continental land mass located to the south
of the Arctic Alaska margin (present coordinates) during
the middle Carboniferous. Crust of 2.0-2.1 Ga age is rare
or absent in both autochthonous and allochthonous parts of
western North America; only allochthonous granitic rocks
in the Kilbuck and Idono terranes of southwestern Alaska
share similar age and isotopic characteristics. Recent paleogeographic models suggest that possible source areas
for the Nuka may have been in the Australian or Siberian
cratons that were rifted away from North America, leaving
stranded crustal fragments that provided granitic detritus to
the Nuka.

INTRODUCTION
The Brooks Range of northern Alaska (fig. 1) is a
west-trending north-vergent fold-and-thrust belt that comprises the northernmost mountain range of the North American Cordillera. The fold belt resulted from south-dipping
(present coordinates) A-type subduction (Bally, 1975) of
the continental Arctic Alaska terrane beneath the oceanic
Angayucham terrane during the Jurassic and Early Cretaceous (Box, 1985; Mayfield and others, 1988; Moore and
others, 1994a). Oceanic crustal rocks (Angayucham terrane) preserved at the highest structural levels may represent the underpinnings and (or) forearc region of a Jurassic
to Early Cretaceous island arc (Harris, 1988; Moore and
others, 1994a) (fig. 2). These oceanic rocks are structurally
underlain by imbricated Devonian to Lower Cretaceous sedimentary rocks of the continental Arctic Alaska terrane.
Structurally higher imbricates of the Arctic Alaska terrane
are principally siliceous basinal sequences that were distal
to sources of continental detritus, whereas structurally lower
imbricates consist of siliciclastic and carbonate strata that
were relatively proximal to sources of continental detritus.
Simple restorations of these rocks indicate that they formed
a south-facing passive continental margin succession that
173
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A major enigma in reconstruction of the Mississippian
is inferred to have developed following rifting along the
to
Early
Cretaceous paleogeography of the Arctic Alaska
southern margin of the Arctic Alaska terrane in the Devoterrane
is
the source region for the arkosic strata of the
nian (Moore and others, 1994a).
150°
140°
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160°
EXPLANATION
Parautochthonous
North America
Continental
terranes

70C
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Devonian granitic
rocks in
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(includes minor
Late Proterozoic
granitic rocks)
Sample locality
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AA - Arctic Alaska terrane
SD - Seward terrane
RB - Ruby terrane
PC - Porcupine terrane
NX - Nixon Fork terrane
NX/DL - Combined Nixon Fork and Dillinger terranes
55'

YTT - Yukon-Tanana terrane

Figure 1. Map of Alaska showing the location of sample localities at Nuka Ridge and other locations mentioned in the text. The
shaded areas show terranes with known evidence for Proterozoic crust; the Kilbuck and Idono terranes have yielded 2.0-2.1 Ga
zircon crystallization ages (Box and others, 1990; Moll-Stalcup and others, 1996). Terranes discussed in text are shown for
reference.
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Mississippian and Pennsylvanian(?) Nuka Formation. This
unit, less than 300 m thick, forms a distinctive part of thin,
allochthonous, siliceous sequences and fault slivers preserved at the highest structural levels of the Arctic Alaska
terrane (fig. 2). It is the only arkosic unit known in northern Alaska and consists of fine- to coarse-grained sandstone, minor granule conglomerate, and limestone deposited
primarily in shallow- to deep-marine and possibly nonmarine
environments (Moore and others, 1994a). The locally coarse
grain size and sedimentary facies, coupled with the arkosic
composition of the Nuka, indicate that the Nuka was derived from a nearby granitic source area, but its present
allochthonous position prevents identification of that source.
The only possible source areas exposed in northern Alaska
are the Late Proterozoic and Devonian granitic rocks in the
southern and northeastern Brooks Range (Dillon and others, 1980, 1987; Karl and Aleinikoff, 1990).
Identification of the source region of the arkosic sandstones of the Nuka Formation would help constrain Carboniferous paleogeographic reconstructions and the
kinematic history of the allochthonous sedimentary rocks
of the Arctic Alaska terrane. Mayfield and others (1988)
have reconstructed the paleogeography of Mississippian to
Jurassic strata of the Arctic Alaska terrane in the western
Brooks Range by a simple southward unstacking of its
allochthonous sequences (fig. 3A). Based on its high structural level and regional extent, they suggested that the Nuka
Formation provides evidence of a hypothetical southern area
of granitic highlands ("Nukaland"). The facies associations
in the Nuka Formation are consistent with its deposition in
fan-delta settings within grabens or pull-apart basins on a
block-faulted continental borderland (Moore and others,
1994a). If the restoration of Mayfield and others (1988) is
correct, the age of the granitic source region for the Nuka
Formation probably would be different from the age of the
granitic rocks of the southern Brooks Range because the
Nuka is restored to a paleogeographic location widely separated from that of the granitic rocks. If, on the other hand,
the Nuka Formation was derived from Late Proterozoic or
Devonian granitic rocks of the southern Brooks Range, it
would require that the Nuka was transported from structurally lower levels of the Arctic Alaska terrane to its present
high structural position, probably along presently unidentified out-of-sequence thrust faults. In figure 3B, we provide
a hypothetical model that shows this restoration, which implies a more complicated structural history than that proposed by Mayfield and others (1988). Oldow and others
(1987) and Till and others (1988) have recognized out-ofsequence faults in the southern Brooks Range, providing
support for this alternative hypothesis. An out-of-sequencethrust model would require less total shortening than the
model of Mayfield and others (1988), but this model, at
least as presently understood, does not provide an explanation for the presence of Permian to Jurassic rocks in the
Nuka Ridge allochthon (fig. 4).
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constrain the petrogenesis and cooling history of the granitic source region of the Nuka Formation. These data show
that the granitic rocks of the southern Brooks Range could
not have provided the granitic detritus that composes the
Nuka Formation. The isotopic data instead point to source

This paper reports the results of U-Pb analysis of detrital zircon grains from sandstone of the Nuka Formation
and thereby tests the paleogeographic reconstructions for
northern Alaska. We also provide detrital rutile U-Pb data,
Nd and Pb isotopic data, and feldspar K-Ar data that help

A. Model of Mayfield and others (1988)
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B. Out-of-sequence-thrust model
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Figure 3. Models for emplacement of the Nuka Formation during the Brookian orogeny. A, Model of Mayfield and others (1988)
showing the Nuka Formation as deposited adjacent to southern granitic highlands ("Nukaland") (I) and later emplaced at high
structural levels along a northward-propagating thrust system (II). B, An alternative model, proposed here, showing the Nuka Formation
as deposited adjacent to Devonian granitic rocks now exposed in the southern Brooks Range (I) and later emplaced at high structural
levels along out-of-sequence faults (II and III) following large-scale thrusting as proposed by Mayfield and others (1988). Numbers
indicate relative positions of allochthons before and after thrusting.
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terranes that once were exposed along the margin of North
America and may now be found in cratonal areas of Australia, Antarctica, or Siberia.

U-Pb, Nd, AND REE ANALYSIS
LOCATION AND LITHOLOGY OF SAMPLES
Two samples of coarse-grained sandstones from the
Nuka Formation were collected at its type section at Nuka
Ridge (Misheguk Mountain quadrangle) in the western
Brooks Range for U-Pb, Pb, and Nd isotopic analysis (fig.
1). The Nuka Formation (Tailleur and Sable, 1963; Tailleur
and others, 1973, 1977) at the type area at Nuka Ridge is
underlain by the Mississippian Kayak Shale (fig. 4) and is
overlain by Pennsylvanian to Permian chert and siliceous
shale of the Etivluk Group (Mayfield and others, 1984),
which locally contains arkosic silt and radiolarians (figs. 4,
5). The entire succession is about 700 m thick and is repeated by imbrication along detachments in the Kayak Shale
and overlying Jurassic to Lower Cretaceous foredeep
strata (Okpikruak Formation; fig. 5). The basement of this
succession is not exposed. Conodont color alteration indices (CAI) from the Nuka Formation at Nuka Ridge are
1.5-2 (Mayfield and others, 1984), which indicate that
postdepositional diagenesis of the Nuka occurred at
temperatures less than about 90°C (Epstein and others,
1977).
The Nuka Formation at Nuka Ridge consists of about
250 m of interbedded arkose, arkosic limestone, and limestone. The sandstone is massive to medium bedded, fine to
very coarse grained, and locally contains minor interbed-

Thickness (km)
0.75n
Early Cretaceous
Jurassic \
Triassic
N
0.5

Permian
Pennsylvanian

0.25'

Mississippian

Devonian

ded granule conglomerate. The coarse and angular grains
and granitic composition lend a gruslike appearance to these
sandstones (fig. 6A). In most sections of the Nuka Formation in its type area, shallow-marine sedimentary features
are common; these include herringbone cross-stratification;
low-angle, inclined planar lamination; glauconitic zones;
and beds rich in megafossils (for example, echinoderms,
brachiopods, and bryozoans; Moore and others, 1994a).
Some sections lack fossils and have a distinct red color,
which suggests a nonmarine origin (Moore and others,
1994a).
Two samples, each approximately 10 kg, were collected for U-Pb zircon geochronology. Sample DT-84-14
(N. 68°37'46", W. 159°12'34") was collected from parallel-stratified sandstone in the lower of two well-exposed,
20-m-thick, fining- and thinning-upward, shallow-marine
sandstone bodies in the fifth highest of six asymmetrically
folded thrust imbricates within the Nuka Ridge allochthon
mapped by Mayfield and others (1984) (fig. 5). Sample
DT-84-15 (N. 68°38/00", W. 159°12'29") is from a boulder
of massive granule conglomerate, collected from float derived from the same sandstone interval as DT-84-14, about
250 m to the north. Point counts of thin sections indicate
that both samples consist almost entirely of granitic detritus and consist of approximately 25-50 percent quartz, 3050 percent potassium feldspar, 1-5 percent plagioclase, and
as much as 42 percent carbonate lithic grains (fig. 65; table
1). Sparse lithic grains are mostly granitic rock fragments,
but rare quartzite and quartz-mica schist fragments are also
present. The point counts indicate that sample DT-84-14 is
an arkosic limestone, whereas no carbonate detritus or cement was observed in sample DT-84-15.
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Figure 4. Generalized stratigraphic section of the Nuka Ridge allochthon.
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ANALYTICAL PROCEDURE
MINERAL SEPARATION AND SORTING

Both samples were crushed and separated using a wiffly
table and heavy liquids at the laboratory of Donald L. Turner
at the University of Alaska and magnetically separated at
the State University of New York, Stony Brook. Zircons
were hand-picked from the nonmagnetic heavy-mineral
separates and are by far the most abundant heavy mineral

159°20'
68°40

in both samples. Rutile is also present but is less abundant.
No monazite or xenotime was observed (consistent with
rare earth element abundances reported below). In general,
the zircons are euhedral with both prism and pyramid faces
and aspect (length-to-width) ratios of about 2:1 to 4:1. Most
of the grains (greater than 90 percent) are colorless; others
are very light pink or yellow. In an effort to identify age
diversity within the zircon population, samples were handpicked and grouped on the basis of color and shape (table

159°10'

EXPLANATION
Nuka Ridge allochthon
Okpikruak Formation
(foredeep deposits)
Etivluk Group
(chert)
Nuka Formation
(calcareous sandstone)
Kayak Shale
Ipnavik River allochthon
Okpikruak Formation
(foredeep deposits)
Etivluk Group
(chert)
Lisburne Group
(limestone, chert, diabase)
Kayak Shale
Geologic contact
Thrust fault, barbs
on upper plate

68°36' -

Overturned thrust
fault
Basal thrust fault of
the Nuka Ridge
allochthon, barbs on
upper plate
Trace of axial plane
of syncline
Trace of axial plane
of overturned
syncline
Strike and dip of
bedding
Strike and dip of
overturned bedding
53Tr-43A

Sample locality and
number

Figure 5. Geologic map of the Nuka Ridge area showing sample locations. Geology from Mayfield and others (1984).
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2). Although fraction 5 (table 2) is an especially large,
single subhedral crystal with a pitted surface, the remainder of the zircons are much smaller and were consequently
analyzed as multigrain fractions. Portions of the bulk zircon populations of both samples (fractions 3, 10; table 2)
were abraded (method of Krogh, 1982). Rutile was handpicked from the magnetic heavy-mineral separate. Most
rutile grains are well rounded; they have appearances that
range from bright, translucent orange to opaque black.
Quartz and feldspar were picked from a small sample of
DT-84-14, which was crushed in such a way that many
grains were separated but not broken.
COMMON Pb AND U-Pb ISOTOPIC ANALYSIS

After the initial hand-picking and weighing, all handling was conducted in a laminar flow hood. Zircon and
rutile samples were dissolved in teflon bombs using HFHNO3 and prepared according to the zircon method of
Krogh (1973), using 0.5 mL of 100- to 200-mesh AG1-X8

Table 1. Point count, rare earth element, and Nd isotopic data
from the Nuka Formation at Nuka Ridge
[Counted constituents are reported in percent, with 300 counts per thin
section. Carbonate is mostly calcite with subequal amounts of grains and
cement. Rare earth element concentrations are in parts per million. fcjnftiA is
the deviation in
Sm/ TW from CHUR (chondritic uniform reservoir).]

DT-84-14

DT-84-15

27
5
26
42
7.75
9.35
6.07
1.11
.374
1.03
.914
.528
.480
1.07
.625
.117

50
1
49
6.80
8.16
4.08
.691
.389
.601
.513
.373
.375
1.84
.680
.102

-.404

-.479

.511850

.511676

ENd(O)

-15.2

-18.7

£Nd(350)

-11.8

-14.6

£Nd(2050)
rCHUR (°a)

+5.59

+6.05

1.50

1.55

Sample
K-feldspar
Plagioclase
Quartz
Carbonate
La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Eu/Eu*
Ce/Ce*
1 47sm/ 14 3 Nd
/Sm/Nd
143 Nd/ 144Nd

Figure 6. A, Photo of Nuka Formation sandstone at sample locality
DT-84-15. B, Photomicrograph of sample DT-84-14 showing Kfeldspar-rich, arkosic composition of Nuka Formation. Long
dimension of photomicrograph is 2.7 mm. Abbreviations: qz,
quartz; ksp, K-feldspar; pi, plagioclase; cal, calcite.

resin. Pb blank corrections were 300 pg±30 percent for
analyses 1-8, 11 and 12. In cases where the total common
Pb was less than 300 pg, all common Pb was subtracted as
blank. When the rutile sample and fraction 10 were analyzed, the procedural blank was approximately 50 pg. The
isotopic composition of the blank in the lab is estimated to
be 206Pb/204Pb= 18.055, 207Pb/204Pb=15.6591, and 208Pb/
204Pb=37.865. The Stacey and Kramers (1975) model Pb
curve for the appropriate Pb-Pb age was used for the initial
Pb corrections, and a generous uncertainty of ±0.5 for 206Pb/
204Pb and ±0.45 for 207Pb/204Pb was used, which is half
the difference between the model curves for upper and lower
crust (Doe and Zartman, 1979). Zircon data were corrected
using the Stacey and Kramers (1975) model rather than the
detrital feldspar data in an attempt to keep the provenance
information from these two data sets as independent as
possible.

Abraded

Slightly
rounded
Large, pitted

Pale pink

Pale pink

Dark-brown
fragments
Rutile, orange
fragments
Abraded

3

4

6

7

8

382
416
120
17.2
1.3
7.6
5.3
2.8
.285
9
17.5
.45

DT-84-14

DT-84-15

DT-84-14

DT-84-15

DT-84-14

DT-84-14

DT-84-14

DT-84-15

DT-84-14

DT-84-14

DT-84-15

Total Pb
(ng)

DT-84-15

Sample

20 xls

50 xls

67 xls

3 xls

2 xls

20 xls

30 xls

1 xl

60 xls

2.04 mg

7.7 mg

8.95 mg

Sample
size

119(1.6)

454.7(5)

782(2)

108.0(5)

1,250(18)

1,143(37)

1,748(38)

174.3(6)

1,985(40)

4,377(188)

5,989(196)

2,432(28)

Measured
206p b/204p b

61,604

579

848

3,077

5,009

3,625

5,821

786

5,059

5,425

6,809

2,549

Blankcorrected
206 pb/204pb

.1363

.1542

.1460

.0044

.1246

.1415

.1462

.2148

.1528

.1474

.1424

0.1440

208 pb */206p b *

0.14172(38)
854
.17585(53)
1,044
.19518(246)
1,149
.18927(62)
7,777
.24359(145)
7,405
.25974(84)
1,488
.19437(51)
7,745
.19347(52)
7,740
.33562(357)
7,566
.25979(71)
1,488
.17877(55)
7,060
.34560(385)
7,973

age (Ma)

age (Ma)

0.12493(19)
2,028(3)
.12465(15)
2,024(2;
.12462(18)
2,023(2;
.12653(18)
2,050(2;
.12854(75)
2,078(10)
.12653(20)
2,050(2;
.12570(40)
2,039(6;
.14086(20)
2,235(3;
.11648(105)
1,903(16)
.12527(44)
2,033(9;
.12433(80)
2,019(17)
.12390(199)
2,073(34;

206p b * /238 u

207 pb */206p b *

2.441(78)
7,255
3.022(99)
7,473
3.354(43)
7,494
3.302(121)
7,452
4.317(41)
7,697
4.531(17)
1,737
3.369(15)
7,497
3.757(12)
7,554
5.390(91)
7,553
4.487(25)
7,729
3.064(24)
7,424
5.904(134)
7,962

age (Ma)

207p b * /235 u

All fractions are zircon except fraction 9. Zircon fractions are clear and colorless, euhedral, greater than 200 mesh, and nonmagnetic at 1.8 A with a 15° side tilt and 2° front tilt, except where otherwise noted. Rutile
was hand-picked from magnetic fraction. Abbreviation: xls, crystals.
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Fraction type

1

Fraction 1

[Analytical uncertainties shown in parentheses]

Table 2. Detrital zircon and rutile data from the Nuka Formation
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Large single feldspar grains (about 10 mg each) were
cleaned vigorously with hot 6N HC1 and 6N HNO3, and
then leached with concentrated HF for approximately 10
min. These procedures are estimated to remove less than
50 percent of the grain. Following leaching, the remaining
feldspar sample was dissolved in HF, and the Pb was separated using 0.5 mL of 200- to 400-mesh AG1-X8 resin,
with three 2N HC1 wash steps of 5 column volumes and
two complete column passes. The Pb from the procedural
blank was approximately 100 pg, and the Pb from the feldspar was greater than 50 ng. The resulting sample-toblank ratio of >500 yields a measured ratio less than 0.1
percent different for 206Pb/204Pb and less than 0.02 percent
different for 207Pb/204Pb, and no blank corrections were
made.
Quartz grains were cleaned in 2N HC1, and dissolved
in HF-HNO3 in 3 mL Savillex vials on a hot plate at about
100°C. U and Pb separation procedures were the same for
quartz as for zircon and rutile but were scaled down to 0.1mL resin volumes and used 200- to 400-mesh resin. The
Pb blank for quartz analyses was 35±15 pg.
Whole-rock powders (about 0.1 g) were dissolved in
bombs in HF-HNO3 , dried down with HC1, and redissolved
in a bomb with 12N HC1. Column procedures were the
same as for feldspars but with three column passes.
Pb isotopic compositions and Pb and U concentrations
were determined with a NBS design, 12-inch single-sector Niertype mass spectrometer. Pb was run using the H3PO4/silica
gel method (Cameron and others, 1969) at filament temperatures between 1,200°C and 1,500°C. The average ratios
obtained from 10 runs of the NBS Pb standard 982 throughout this study were (2-sigma deviations) as follows: 208Pb/
206Pb=0.99853±0.1 percent; 207Pb/206Pb=0.46669±0.043
percent; and 206Pb/204Pb=36.653±0.1 percent. Samples were
corrected for mass fractionation of 0.1±0.02 percent per
amu (atomic mass unit). U samples were run with H3PO4
on a single outgassed Re filament precoated with a graphite slurry, followed by a second coat of graphite. U was
analyzed at filament temperatures of about 1,750°C to
1,850°C. The average 235Tj/238u ratio for \Q runs of NBS
standard U-930 during the course of this study were
17.381±0.2 percent (2-sigma deviations). Uncertainties in
the age (2-sigma deviations) were calculated using the program of Ludwig (1980).
Nd ISOTOPIC AND RARE EARTH ELEMENT ANALYSIS

Whole-rock powders (0.2 g) were fused with LiBO2
flux at 1,100°C in high-purity graphite crucibles for 15
min. Fused samples were dissolved in 30 mL of IN HNO3 ,
precipitated using ammonium hydroxide, and centrifuged.
The precipitates were rinsed with distilled water and centrifuged again. Separate fusions were made for Nd isotopic
composition (1C) and rare earth element (REE) isotope dilution (ID) analyses. ID samples were combined with a
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mixed REE spike. REE were separated from other elements using AG-50-1X8 resin with 2N HC1 and 4N HNO3
wash steps and with 4N HNO3 elution. The REE were separated into groups using methylactic acid as described in
Stern and Hanson (1991).
Nd was loaded on a Re side filament in 2N HNO3 and
run with a double Re filament assembly on a Finnigan
MAT 262. Data were collected in multicollector static mode.
Ratios were normalized with a linear fractionation correction, using 146Nd/144Nd=0.7219, and corrected to a value
consistent with the 143Nd/144Nd standard of La Jolla equal
to 0.511865. During the interval in which these data were
collected, the 2-sigma uncertainty on the La Jolla standard
runs was 0.005 percent.
The REE were analyzed by isotope dilution on an NBS
design, 6-inch single-sector Nier-type mass spectrometer.
All REE cuts were taken up in 2N HNO3. Gd was loaded
with TaO2 slurry and phosphoric acid on a Re center filament and run as an oxide. Nd, Sm, and Eu were loaded on
a Re side filament on the same assembly as Gd and run as
metals. La and Ce were loaded with silica gel and phosphoric acid on a Re center filament and run as oxides at
source vacuums at or lower than 2xlO"7 torr to reduce
baseline effects on the La analysis (McDaniel and others,
1994). Yb, Er, and Dy were loaded on a Re side filament
on the same assembly as La and Ce and run as metals.

RESULTS
ZIRCON

Multigrain fractions of nonmagnetic, clear zircons from
both samples are strongly discordant (fig. 7) but yield identical Pb-Pb ages of 2,028±3 and 2,024±2 Ma (fractions 1,
2; table 2). The abraded fraction from sample DT-84-15
(fraction 3; table 2) is less discordant than the unabraded
fraction (fraction 1; table 2), although it yielded an identical Pb-Pb age of 2,023±2 Ma. All three of these bulk
samples, which were the only ones large enough to weigh,
have U concentrations of 270-280 ppm. The small abraded
separate from DT-84-14 (fraction 10; table 2) yielded a PbPb age of 2,033±9 Ma. These four analyses span an approximately linear array from 27 to 58 percent discordant
and yield a model 2 fit (Ludwig, 1988) with an upperintercept age of 2,034+22 Ma, a lower intercept of 14±50
Ma, and a MSWD (mean standard weighted deviation) of
4.2. This line is plotted on figure 7 for reference. If these
data were from a single granite, the upper intercept would
be interpreted as the crystallization age and the lower intercept would be interpreted as a result of recent Pb loss.
However, given the large discordance and the potential for
mixed sources in a sedimentary rock, it is possible that the
similarity of these ages resulted from a fortuitous mixing
of different age sources.
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In an attempt to test the homogeneity of the source age
of the detrital zircons in the Nuka Formation, small fractions of zircon were selected by hand-picking on the basis
of color and shape to represent possible diverse components of the zircon population (fractions 4-8, 10-12; table
2). These smaller fractions are all more concordant than
the unabraded bulk fractions. A clear, colorless euhedral
fraction (fraction 12; table 2), the predominant type of zircon, yielded a Pb-Pb age of 2,013±34 Ma. A rounded fraction (fraction 4; table 2) of pale-yellow and pale-pink zircons
yielded a Pb-Pb age of 2,050±2 Ma. A single large, pitted
but euhedral zircon (fraction 5; table 2) yielded a Pb-Pb
age of 2,078±10 Ma. The light-pink fractions seem to be
gradational in appearance with the more abundant colorless
population. In some cases, the zircons appear colorless in
one orientation and light pink in another. Two light-pink
euhedral fractions yielded Pb-Pb ages of 2,050±2 Ma (fraction 6; table 2) and 2,039±6 Ma (fraction 7; table 2). A
clear, colorless, euhedral fraction with acicular inclusions
(fraction 11; table 2) yielded a Pb-Pb age of 2,019±17 Ma.
Two dark-brown fragments of zircon yielded a discordant
Pb-Pb age of 2,238±3 Ma (fraction 8; table 2). More data

0.38

on this dark-brown component would be useful, but no
more zircons of that description were found.
RUTILE

A small fraction of the grains in the zircon separate
were identified as rutile using Energy-Dispersive X-Ray
Spectroscopy (EDS). These grains were broken and angular, and they ranged in color from orange and translucent to
black and opaque. A sample of three of the orange grains
yielded a near-concordant age of 1,903±16 Ma (fraction 9;
table 2; fig. 7).
FELDSPAR Pb ISOTOPIC COMPOSITIONS

The Pb isotope compositions of the feldspars (fig. 8,
table 3) are consistent with derivation from an Early Proterozoic source. For example, the least radiogenic analysis
has a Stacey and Kramers (1975) model age of 1,967 Ma,
and an m l (238U/204Pb; Ludwig, 1988) of 9.101. The singlestage model age of the same sample is 1,765 Ma with an m
from primordial values (Tatsumoto and others, 1973) of
7.886, and a k (232Th/238U) of 4.033. The results are consistent with an isotopically juvenile, Early Proterozoic granitic source of the Nuka Formation.

200C

.36
.34

QUARTZ Pb ISOTOPIC COMPOSITIONS AND FELDSPARWHOLE ROCK-QUARTZ Pb-Pb ISOCHRON

.32
.30

Pb isotope data from a single quartz grain and two
fractions of five grains are presented in figure 8 and table
3. The quartz is significantly more radiogenic than the
whole-rock samples. Quartz, feldspar, and whole-rock analyses from the Nuka Formation lie on a 1,968±66 Ma slope,

1600

.28
.26
.24
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.16
.14
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Intercepts at
2,034±22and14±50Ma
(MSWD = 4.3)

16.2

16.0
15.8

.12

1,954±56Ma

15.6
207Pb*/ 235U

15.4

Figure 7. Concordia diagram of zircon (1 to 8, 10 to 12) and
rutile (9) data. Numbers show fractions listed in table 2. Data
from fractions 5, 9, and 12 are shown as error ellipses. The other
fractions have error ellipses smaller than the dots that mark them.
Fraction 8 is dark-brown opaque fragments. The reference line is
a Ludwig (1988; ISOPLOT program) model 2 fit through the two
pairs of unabraded and abraded bulk samples (1 and 3, 2 and 10).
The age implied by this line is only appropriate assuming the
zircons were derived from a granitic source with a single age and
a single Pb-loss event. As described in the text, there is good
evidence that the zircons were derived almost exclusively from
Early Proterozoic granite, but a small range of Early Proterozoic
ages is likely.
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15.0

K-feldspar
D Albite
Whole rocks
Quartz

14.8
14.6

14
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22

24

206 Pb/ 204Pb

Figure 8. Pb isotope data from feldspar, quartz, and whole-rock
samples. Growth curve is from Stacey and Kramers (1975) with
tick marks at 500-Ma intervals. Regression was calculated using
K-feldspar, quartz, and whole-rock data. The mean standard
weighted deviation (MSWD) is 3.27 (Ludwig, 1988).
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Table 3. Pb isotope data from feldspar, quartz, and whole-rock samples from the Nuka
Formation
[Analytical uncertainties are less than 0.1 percent except as otherwise noted in parentheses]

206 pb/204 pb

207 pb/204pb

208 pb/204pb

DT-84-14

Albite
K-feldspar

Single quartz grain
Five quartz grains
Five quartz grains
Whole rock

15.342
15.452
15.021
14.960
17.140(0. 15)
21.986(0. 16)
24.032(0. 19)
15.497

15.080
15.145
15.072
15.064
15.356(0.17)
15.923(0.14)
16.153(0.14)
15.128

34.888
35.154
35.687
34.643
35.449(0.18)
35.533(0.16)
36.493(0.15)
34.981

DT-84-15
Whole rock

16.376

15.260

35.780

with an MSWD of 6.23 (Ludwig, 1988), an age within
analytical uncertainty of the corresponding zircon data. Removing the albite analysis (it appears to be slightly off the
line and may have been recrystallized during diagenesis)
results in a 1,954±56 Ma slope (fig. 8).
REE AND Nd ISOTOPIC COMPOSITION

Both samples have low REE abundances (fig. 9, table
1), consistent with the apparent absence of monazite and
xenotime. The samples have slightly to significantly positive Eu anomalies and significant negative Ce anomalies.
Positive Eu anomalies are generally attributed to the concentration of feldspar during sedimentary processes (for
example, Nance and Taylor, 1977; McLennan, 1989). The
high Er and Yb abundances relative to Dy in DT-84-15
may be caused by concentration of zircon during sedimentary sorting. The strong negative Ce anomalies may have
been formed during weathering of the granitic source
(Nesbitt, 1979; Rosenblum and Mosier, 1983: Banfield and
Eggleton, 1989) or perhaps during recent weathering (Zhao
and others, 1992). Both samples have Nd isotopic compositions consistent with derivation from a depleted mantle
source at 2.050 Ga (table 1, fig. 10).

K-Ar ANALYSIS
The results of conventional K-Ar analysis of K-feldspar of two rock samples from Nuka Ridge plus two

La

Figure 9. Rare earth element patterns from Nuka Formation
whole-rock samples. Note the low abundances, positive Eu
anomalies, and negative Ce anomalies. The upward trend in the
HREE of DT-84-15 may be caused by concentration of zircon
owing to sedimentary processes. The positive Eu anomaly could
be from sorting of feldspar (for example, Nance and Taylor, 1977;
McLennan, 1989). The Ce anomalies may result from weathering
(for example, Banfield and Eggleton, 1989; Zhao and others,
1992).
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analyses from elsewhere in the Brooks Range were reported
by I.L. Tailleur (Tailleur, 1985). These ages, with previously unpublished accompanying analytical data, were
graciously provided to us by Tailleur and are shown in
table 4.
The locations of the samples (samples 71Tr22.10 and
53Tr-43A) from Nuka Ridge are shown in figure 5. These
samples were taken from Nuka Formation strata in thrust
imbricates below and above the site of samples DT-84-14
and DT-84-15 collected for this study. The K-Ar samples
consist of pebble conglomerate and very coarse-grained
sandstone, respectively, and have proportions of K-feldspar, quartz, and plagioclase that are similar to those of the
U-Pb samples. K-Ar age determinations from K-feldspar in
these samples yielded similar ages of 1,150±58 Ma and
1,187±59 Ma, respectively (table 4).
K-Ar samples from outside the Nuka Ridge area were
collected from the south flank of Umagatsaiak Mountain,
25 km north of the village of Kivalina in the westernmost
Brooks Range, and from the Helpmejack Hills in the southern Brooks Range (fig. 1). The sample from the western
Brooks Range (68Tr-147B) (i:g. 11) is a granule conglomerate of composition similar to that of the Nuka Formation
in the Nuka Ridge area. Conodonts from the Nuka Formation near this location are Late Missisippian to Early Pennsylvanian, whereas foraminifera from the same location are
Late Mississippian (Visean) (Mayfield and others, 1987).
The conodonts have a CAI of 1, indicating that the Nuka
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has undergone little postdepositional heating (<80°C)
(Epstein and others, 1977) in this area. This sample yielded
a K-feldspar K-Ar age of 1,775±8 Ma (table 4).
The sample from the southern Brooks Range (84Tr02b4) was collected from a fault sliver (fig. 12) in a regional zone of down-to-the-south normal faulting of
Cretaceous age along the margin of the southern Brooks
Range described elsewhere by Christiansen and Snee (1994)
and Little and others (1994). In contrast to other samples of
the Nuka Formation, this sample consists of arkose rich in
plagioclase and displays a cataclastic texture that was likely

164° 35'

164° 33'

Explanation

Quaternary
sediments

Arctic Alaska
terrane
67° 58'

imposed during the episode of normal faulting. The CAI
for a probably redeposited Late Devonian conodont collected from this site is 5 to 5.5 (A.G. Harris, USGS, written
commun. to I.L. Tailleur, 1984), corresponding to a temperature of 330-350°C (Epstein and others, 1977). Feldspar in this sample is partly replaced by carbonate and (or)
albite. Despite the mesoscale to microscopic scale evidence
of young deformation and alteration, the sample yielded a
feldspar K-Ar age of 1,276±64 Ma (table 4).
The K-Ar systematics of K-feldspar are very complex
and depend on the nature of the constituent diffusional domains and the thermal history of the rocks (McDougall and
Harrison, 1988; Lovera and others, 1989; Harrison, 1990).
As a result, the closure temperature of K-feldspars may
range from a low of 120°C to a high of 300°C. Assuming
that the K-feldspar in the Nuka Formation is largely microcline, the closure temperatures for K-feldspars in the Nuka
likely range from 120°C to 200°C (McDougall and Harrison,
1988). In addition, K-feldspar may incorporate excess argon and yield anomalously old ages. Without more detailed study, the significance of these data are not certain.
Nonetheless, these data do provide some information. The
K-Ar feldspar ages from the Nuka Ridge area are significantly younger than the 2-Ga U-Pb ages from the same

North

67° 57'

185

South
Sample locality
84Tr-02b4

1000m900 800 700 Mafic volcanic
rocks

-> M s
Sample locality
68TM47B
A1

Arctic Alaska terrane
Phyllite and metagraywacke
and (or) phyllonite (Devonian
and(or) Cretaceous)
Etivtuk Group (Pennsylvanian
to Jurassic)
Nuka Formation (Pennsylvanian
to Mississippian)
Carbonate rocks (Devonian?)

1 km
Umagatsaiak Mtn.
Nuka Ridge
allochthon

Angayucham terrane
Mafic volcanic rocks
(Devonian to
Jurassic)

Copter Peak
allochthon

0

No vertical exaggeration
Quaternary deposits not shown

Figure 11. Simplified geologic map and section showing Nuka
Formation on the south flank of Umagatsaiak Mountain, where
K-Ar sample 68Tr-147B was collected (Noatak 1:250,000
quadrangle). Map relations from Mayfield and others (1987).

Diabase

Figure 12. Schematic structural section of Nuka Formation
outcrop from which K-Ar sample 84Tr-02b4 was collected in
the Helpmejack Hills (Hughes 1:250,000 quadrangle) (I.L.
Tailleur, USGS, written commun., 1996). Fault slivers of Nuka
Formation, chert of the Etivluk Group, and mafic volcanic and
hypabyssal rocks of the Angayucham terrane are interleaved along
a regional zone of down-to-the-south normal faulting described
elsewhere by Christiansen and Snee (1994) and Little and others
(1994).
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rocks, which indicates that the K-Ar ages are not magmatic
cooling ages and that the feldspars are unlikely to contain
excess argon. Simple interpretations of the K-Ar data include (1) cooling from several regional or local metamorphic events ranging from 1.2-1.77 Ga, (2) partial resetting
of the 2.0-2.1 age of crystallization by a 1.2 Ga or younger
metamorphic event, or (3) protracted cooling for more than
800 m.y. due to uplift in the source area. The data indicate
that the Nuka detritus in the Nuka Ridge area has not been
heated above 200°C since 1.2 Ga. The generally comparable K-Ar results from the Nuka from three locations in
the Brooks Range suggest that the source region of the
Nuka was extensive and uniformly older than 1.2 Ga over
a wide region.

PROVENANCE OF THE NUKA
FORMATION
Discordance is difficult to interpret in detrital zircon
populations where mixing of zircons of different ages is
likely. Relevant observations from our data that bear on the
age of the zircon population in the Nuka Formation are that
(1) the petrography is consistent with a simple granitic
source (quartz, microcline, sodic plagioclase, and granitic
rock fragments); (2) the zircons are generally euhedral and,
where seen in thin section, are always included within quartz
and feldspar clasts; (3) a large single zircon yielded a PbPb age of 2,078±10 Ma; (4) although picked to represent as
much color and morphological variation as possible, small
fractions yielded only Early Proterozoic Pb-Pb ages (table
1, fig. 7); (5) bulk abraded and unabraded fractions, with
significant differences in degree of discordance, give similar Pb-Pb ages within analytical error; and (6) all other
isotopic data are consistent with an Early Proterozoic granitic provenance. These observations indicate that the dominant, light-colored euhedral zircon population in the Nuka
Formation was derived mainly from a 2.0-2.1 Ga (Early
Proterozoic) granitic source. The petrographic and isotopic
data indicate that granitic detritus from source areas with a
large range of ages (for example, Archean and Devonian)
is not likely. However, a mix of Early Proterozoic source
rocks is possible given the range in Pb-Pb ages and the age
of the distinct, but minor, dark-brown, opaque zircon fragments that yielded a Pb-Pb age of 2,238±3 Ma (fraction 8;
table 2). Although the latter result is a single discordant
analysis and can only be interpreted as a minimum age, it
indicates that a minor amount of detritus was contributed
from rocks older than 2.2 Ga in the source area.
There is no evidence in the Nd isotopic data for contamination from significantly older crustal rocks. The older
zircons, with a minimum age of 2.24 Ga, could have come
from inclusions of older rocks within this complex, but we
suggest, on the basis of the Nd data, that they must represent a minor component. Whatever the details of the zircon

systematics, substantial Pb loss occurred recently, perhaps
during the Mesozoic and Tertiary Brookian orogeny. With
aggressive abrasion of the zircons, it might be possible to
eliminate part of the complexity, and analysis of single
zircons would provide better constraints on the age range
of the source. We believe that neither the Nuka Formation
nor its source of rutile was heated above ~400°C, the probable closure temperature for rutile of this size (Mezger and
others, 1989) after 1.9 Ga. Likewise, the K-feldspar K-Ar
ages from Nuka Ridge indicate that the neither the Nuka
Formation nor its source of K-feldspar have been subjected
to heating above 200°C since 1.2 Ga. The CAI data suggest that postdepositional thermal heating of the Nuka was
variable, ranging from a maximum of 80°C in the western
Brooks Range to a high of 330-350°C in the southern
Brooks Range. The post-Devonian temperatures required
by the CAI data from the southern Brooks Range are higher
than the maximum temperatures allowed by the K-Ar feldspar age data (300°C) since 1.3.Ga from the same location.
We are uncertain how to reconcile these conflicting data
but suggest that (1) the CAI of the single conodont found
in the southern Brooks Range location may be anomolous
for the location, (2) the temperatures determined by Epstein
and others (1977) for conodont alteration may not be accurate under conditions of high strain, (3) the feldspar K-Ar
age may have been partially reset from an older (greater
than 1.3 Ga) age during post-Devonian, probably Cretaceous time, and (or) (4) the K-Ar age from the southern
Brooks Range dates white mica (closure temperature
~350°C) enclosed in the feldspar. Other interpretations are
possible for these data.

IS THE SOURCE FOR THE NUKA IN THE
SOUTHERN BROOKS RANGE?
The present position of the Nuka Formation in
allochthonous sequences at high structural levels in the
Brooks Range orogen may be explained by (1) systematic
south-over-north (present coordinates) stacking of imbricates of the sedimentary cover of the Arctic Alaska terrane
during the Late Jurassic and Early Cretaceous, or (2) emplacement of structurally lower parts of the orogen into
higher levels along presently unrecognized out-of-sequence
thrust faults (fig. 3). If derived from structurally lower parts
of the Brooks Range orogen, the granitic detritus in the
Nuka Formation may have come from the belt of granitic
rocks in the southern Brooks Range. If not emplaced by
out-of-sequence faults, the Nuka Formation was probably
derived from a granitic source area that would lie in the
present position of the Late Jurassic to Late Cretaceous
rocks exposed in the Koyukuk basin. This source area is
now not exposed in northern Alaska and is thus of uncertain character.
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The belt of plutonic and metaplutonic rocks now exposed in the southern Brooks Range consists of orthogneiss
that ranges in composition from tonalite to alkali-feldspar
granite. These rocks intrude Upper Proterozoic and lower
Paleozoic metasedimentary rocks and are locally overlain
by quartz-rich metasiliciclastic rocks and metalimestone of
Mississippian age (Mull and Tailleur, 1977; Nelson and
Grybeck, 1980). Metamorphism of the granitic rocks and
the associated sedimentary rocks occurred during the
Brookian orogeny in the Late Jurassic and Cretaceous. Most
of the largest plutons of the plutonic belt yield discordant
U-Pb ages of about 390 Ma (Dillon and others, 1987;
Aleinikoff and others, 1993). Some smaller plutonic bodies
in the belt are older, yielding U-Pb ages of 700-750 Ma
(Karl and others, 1989; Karl and Aleinikoff, 1990). Nelson
and others (1993) reported that the Late Proterozoic and
Devonian plutons have Nd- and Sr-isotope compositions
consistent with derivation, in part, from Middle to Early
Proterozoic crust. Proterozoic metasedimentary rocks associated with these plutons have calculated Nd crustal residence ages of 2.0 Ga.
Comparison of the Devonian and Late Proterozoic ages
of the granitic rocks of the southern Brooks Range with the
Early Proterozoic age of the granitic detritus in the Nuka
Formation show unequivocally that the Nuka Formation
could not have been derived from granitic rocks related to
those exposed in the southern Brooks Range. Because Devonian and Mississippian clastic sedimentary rocks (now
metamorphosed) are exposed with the plutons in the southern Brooks Range, it seems unlikely that deeper levels of
the southern Brooks Range were exposed during the Mississippian. Thus, the Nuka Formation cannot be directly
correlated to possible granitic source areas in the southern
Brooks Range. On this basis, it is doubtful that the Nuka
Ridge allochthon could have been derived from structurally lower levels of the orogen in the southern Brooks Range
and emplaced at structurally higher levels along hypothetical out-of-sequence thrust faults (for example, our restoration in fig. 35). Our data instead support the structual model
of Mayfield and others (1988) (fig. 3A), which proposes
that the source area of the Nuka was a highland that once
lay south of the Brooks Range orogen. That highland has
since disappeared or has been tectonically removed or buried, so the source area of the Nuka can only be characterized through the petrographic and isotopic character of the
detritus in the Nuka Formation.

rocks were derived from partial melts of depleted mantle at
about 2 Ga and were not significantly contaminated by
older wall rocks. The granitic rocks cooled to below 400°C
by about 1.9 Ga and were not significantly reheated above
the bulk closure temperature of K-feldspar (120-200°C)
after 1.2 Ga. The generally similar feldspar-rich composition and Proterozoic K-Ar feldspar ages from widely separate localities of the Nuka Formation in the Brooks Range
suggest that similar conditions were present regionally in
the source region of the Nuka and that the source area had
a considerable regional extent. A diagram summarizing the
cooling history of Nuka Formation detritus is shown in
figure 13.
The source area for the Nuka Formation should have
characteristics that are comparable to those summarized
above for the Nuka Formation. Although we can eliminate
the granitic rocks of the southern Brooks Range as the
source area for the Nuka, the Arctic Alaska terrane in the
southern Brooks Range contains metasedimentary rocks that
were derived from continental crust with an average crustal
residence of 2.0 Ga (Nelson and others, 1993) and thus
may contain other possible source areas. Other continental
terranes with isotopic characteristics similar to those of the
southern Brooks Range are exposed over wide areas of
Time (Ga)
0

0.5

The petrographic and isotopic data indicate that the
detritus in the Nuka Formation was derived from a source
area that consisted of evolved 2.0-2.1 Ga granitic rocks
and older Lower Proterozoic country rocks. The granitic

140-120 Ma - large-scale thrusting during
Brookian orogen and emplacement of
Nuka Ridge allochthon
320-310 Ma - erosion in Nuka Formation source
area and deposition of the Nuka Formation
395-385 Ma - crystallization age of Devonian
batholiths in southern Brooks Range
750-700 Ma - crystallization of Proterozoic plutons
in southern Brooks Range

1.0
1.2-1.1 Ga - minimum age of cooling of source
terrane of Nuka Formation through K-Ar closure
temperature of microcline, 200-120°C

1.5

2.0

OTHER POSSIBLE SOURCE AREAS FOR NUKA
DETRITUS
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1.9 Ga - cooling of source terrane of Nuka
Formation through U-Pb closure temperature
of rutile, 400°C
2.1-2.0 Ga - U-Pb zircon crystallization age of
granitic rocks in source terrane of Nuka
Formation
2.3 Ga - minimum age of country rocks in
source terrane of Nuka Formation

Figure 13. Diagram summarizing known or inferred geologic
history for the Nuka Formation and its source area. Shown in
italics are ages of plutonic rocks known from the Arctic Alaska
terrane. Time scale is that of Harland and others (1990).
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Alaska (fig. 1) and may contain alternative source regions
for the Nuka, although only the Kilbuck and Idono terranes
contain known exposures of Early Proterozoic granitic rocks.
We compare below the data from the Nuka to these possible source areas and to other possible source areas elsewhere in the Cordillera.
ARCTIC ALASKA TERRANE

The Nd isotopic compositions of the Late Proterozoic
metasedimentary rocks in the southern Brooks Range suggest that the Devonian magmatic belt was an arc that was
built on Early Proterozoic continental crust (Nelson and
others, 1993). While the source area for the Nuka Formation arkose could not have been the Devonian magmatic
belt itself, it is possible that granitic rocks may form part
of the Early Proterozoic crust at depth beneath the arc. The
hypothesized granitic rocks may have been a source for
the Nuka if they were uplifted above sea level in the Mississippian.
The presence of younger sedimentary cover and the
absence of exposures of Early Proterozoic rocks seemingly
would preclude such an uplift in the southern Brooks Range.
However, the southward continuation of Early Proterozoic
basement rocks from their restored position to the edge of
the Mississippian continental margin of Arctic Alaska provides a hypothetical site for their exposure. Such a distal
location is supported by (1) the deep-shelf depositional environment of the siliceous shale and chert that overlie the
Nuka Formation (fig. 4); (2) the basinal aspect of coeval
sedimentary rocks of the allochthonous successions that lie
structurally below, and that restore paleogeographically
continentward (northward in present coordinates) of the
Nuka Ridge allochthon (Moore and others, 1994a); and (3)
the structural model of Mayfield and others (1988) that
interpreted the Nuka Ridge allochthon as the most distal or
outboard part of the Arctic Alaska terrane. Rifting along
this continental margin is thought to have occurred in the
Middle and Late Devonian and culminated in opening of
the Angayucham ocean and development of a passive margin on the adjacent Arctic Alaska terrane by the latest Devonian (Moore and others, 1994a). Extension, aided by
thermal heating along this margin, may have uplifted thinned
Early Proterozoic crust and exposed the hypothetical Early
Proterozoic granitic rocks as a horst or rifted fragment.
However, such thermal heating in the Devonian of the Early
Proterozoic crust might be expected to reset the K-Ar ages
of the K-feldspar grains to younger ages, which cannot be
demonstrated with the present data set.
KILBUCK AND IDONO TERRANES

In southwestern Alaska, orthogneisses in the Kilbuck
and Idono terranes (fig. 1) have yielded zircon U-Pb crys-

tallization ages similar to those from detrital zircons of the
Nuka Formation (Turner and others, 1983; Box and others,
1990; Miller and others, 1991; Moll-Stalcup and others,
1996). The Kilbuck terrane consists of tonalitic gneiss, granite gneiss, and amphibolite and rare pelitic schist and marble
that were metamorphosed to eclogite and upper amphibolite facies (12-13 kbar, 550-600°C) (Moll-Stalcup and others, 1996). Discordant zircons from a tonalitic gneiss have
an intercept of 2.07 Ga, whereas two samples from granite
gneiss, which intrudes the tonalitic gneiss, have intercepts
of 2.04 Ga and 2.05 Ga, respectively (Box and others, 1990;
Moll-Stalcup and others, 1996). Other granite gneisses are
undated but yield Nd model ages of approximately 1.8 Ga.
Two samples from the diorite-tonalite-trondhjemite suite
within the Kilbuck terrane have eNd(2.05 Ga) of +2.1 and
+2.7, consistent with a dominantly depleted mantle derivation (Box and others, 1990). A granite within the same area
has eNd(2.05 Ga) of -5.7, requiring a significant Archean
input (Box and others, 1990). Box and others (1990) and
Moll-Stalcup and others (1996) interpreted the Kilbuck terrane as a 2.05-Ga volcano-plutonic arc proximal to an
Archean craton. A U-Pb sphene age indicates that the
terrane was metamorphosed at 1.77 Ga (Moll-Stalcup and
others, 1996) and was further thermally disturbed during
the Mesozoic, creating complicated K-Ar systematics
(Turner and others, 1983).
A similar scenario has been presented for the Idono
terrane (Idono complex of Miller and others, 1991), located about 275 km northeast of the Kilbuck terrane. Miller
and others (1991) reported U-Pb discordia intercept ages of
2.05 Ga and 148 Ma for fractions from one of three samples.
Zircons from the three samples appear collinear and give
intercepts of 2.06 Ga and 183 Ma, which Miller and others
(1991) interpreted as the ages of crystallization of the suite
and of major episodic Pb loss, respectively. Although the
zircon systematics are complicated, it appears that there is
at least a component of the Idono terrane that crystallized
at about 2.05 Ga.
There are some striking similarities between the Idono
and Kilbuck terranes and the source terrane of the Nuka
Formation. These include (1) the zircon crystallization ages,
(2) the highly discordant nature of the zircons, (3) the juvenile nature of the Nd, and (4) the REE patterns, especially
the low overall abundances and positive Eu anomalies. There
are also some differences, as follows: (1) The detrital rutile
age from the Nuka Formation requires that its source was
not subjected to temperatures higher than 400°C between
1.9 Ga and the time of deposition of the Nuka. This is in
contrast to the amphibolite- to eclogite-grade metamorphism
at about 1.77 Ga recorded in the Kilbuck terrane. (2) The
intermediate granitic rocks in both the Kilbuck and Idono
terranes record substantial crustal contamination in their
Nd system, but the granitic source of the Nuka Formation
has significantly higher eNd. (3) The Kilbuck and Idono
terranes are themselves allochthonous, and most tectonic
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reconstructions restore them southeastward to positions
along the Canadian Cordillera (Moore and others, 1994b;
Plafker and Berg, 1994). In short, although the Kilbuck
and Idono terranes were probably not sources for the Nuka
Formation, it is possible that a larger Early Proterozoic
terrane contained both of those fragments as well as the
source for the Nuka Formation (fig. 14).
OTHER CONTINENTAL TERRANES IN ALASKA

Other continental terranes in Alaska, including the
Seward, Ruby, Yukon-Tanana, and Nixon Fork terranes
(fig. 1), contain Upper Proterozoic but no known Lower
Proterozoic rocks (Plafker and Berg, 1994, and references
therein). The Seward, Ruby, Yukon-Tanana, and Nixon Fork
terranes have yielded isotopic evidence from Late Proterozoic and younger plutonic rocks that suggests the presence
of an Early Proterozoic or older crustal component at depth
(Arth, 1994). However, the isotopic evidence from these
terranes does not require a crustal contaminant of Early
Proterozic igneous crust but could result from contamination by mixtures of Archean and younger crust or by younger
0.2
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Figure 14. ySm/Nd vs eNd(0) plot showing data from the Nuka
Formation as well as from gneisses of the Kilbuck terrane (MollStalcup and others, 1996). For reference, the approximate
composition of modern depleted mantle (DM) and reference
model age slopes that span the range of data are included.
Although the zircon crystallization ages are the same, it is evident
that Nuka Formation samples have substantially younger Nd
model ages than do samples from the Kilbuck terrane. However,
the source region for the Nuka and the Kilbuck terrane could
reasonably have been components of the same larger terrane
with a geographic gradient in the amount of contamination by
ancient continental crust. Nuka Formation samples do not appear
to have had their Sm-Nd system disturbed by sedimentary
processes because the two samples show a relatively large range
in Sm/Nd, yet lie along an Early Proterozoic slope.
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sedimentary rocks with Early Proterozoic or similar mixed
sources (Nelson and others, 1993).
THE SIGNIFICANCE OF 2.0-2.1 Ga CRUST IN THE
CORDILLERA

Possible source regions of Early Proterozoic zircons
(2.0-2.1 Ga) in the Nuka Formation may lie in the Precambrian basement of western Canada (Hoffman, 1989). Nd
model ages from about 1.9-Ga granitoids from the Wopmay
orogen in the Northwest Territories of Canada indicate that
the orogen was generated on 2.0-2.4 Ga crust (Bowring
and Podosek, 1989). Isotopic data from drillcore from stable
Precambrian basement in Alberta indicate that parts of the
cratonal interior consist of 2.0-2.4 Ga crust (The'riault and
Ross, 1991). Exposures of Early Proterozoic rocks are reported from the Omineca belt in the southern part of the
Canadian Cordillera (Armstrong and others, 1991; Murphy
and others, 1991). On the basis of the U-Pb and Nd isotopic data, Bowring and Podosek (1989) suggested that a
large part of western Canada is underlain by 2.0-2.4 Ga
crust. However, Nd isotopic data from the Omineca belt
are generally evolved (eNd(0) is negative with model ages
of 2.3-2.6 Ga; G.M. Ross, Geological Survey of Canada,
written commun., 1995), and 2.0-2.4 Ga basement rocks in
Alberta were formed by mixing of a depleted-mantle component with Archean crust (The'riault and Ross, 1991). In
addition, both the Wopmay orogen and Omineca belt are
invaded by gneisses that yield 1.8-1.9 Ga U-Pb ages and
crystalline rocks of 2.0-2.4 Ga age are rare or absent at the
present level of exposure. Detrital zircons with Early Proterozoic crystallization ages have been reported from quartzrich rocks of the Omineca belt but are apparently absent in
less mature arkosic strata of the Windemere Supergroup
(Ross and Parrish, 1991). This suggests that 2.0-2.4 Ga
crust is a relatively minor component of the Precambrian
basement of western Canada, and this basement is thus not
a likely location of the Nuka Formation provenance terrane.
Hints of the existence of 2.0-2.1 Ga crust in the Cordillera have been reported as far south as California and
Nevada. For example, Carboniferous sedimentary rocks of
the Klamath Mountains contain a 2.1 Ga detrital component (Miller and Saleeby, 1989). Detrital zircons with similar ages have been reported from Paleozoic sandstones from
the allochthonous Shoo Fly Complex in the northern Sierra
Nevada and from Ordovician sedimentary rocks of the Roberts Mountain allochthon (Girty and Wardlaw, 1985), and
inheritance in zircon of about this age has been observed in
plutons in the central Sierra Nevada (Sharp, 1988). The
detrital zircon studies of Gehrels and others (1995) show
that U-Pb ages of 2.0-2.1 Ga compose a minor component
of miogeoclinal sandstones in the northern Cordillera and
are nearly absent from miogeoclinal strata in the southern
Cordillera (Gehrels and others, 1995).
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The above data suggest that the distribution and volumetric significance of 2.0-2.1 Ga crust in the Cordillera is
uncertain. Even though 2.0-2.1 Ga gneisses are locally
present, they are subordinate to 1.8-1.9 Ga orthogneisses
that intrude them (G.M. Ross, written commun., 1995).
Furthermore, most rocks in the North American Cordillera
that have zircon ages of about 2 Ga generally have older
Nd model ages, and those with Nd model ages of 2 Ga
have younger U-Pb zircon ages (Moll-Stalcup and others,
1996). We therefore conclude that the Early Proterozoic
rocks of western North America, as presently known, are
not a good match for the source area of the Nuka Formation as determined by our multicomponent isotopic provenance study of its detrital components.

relative to the northwestern part of the North American
margin apparently lack magmatic rocks with juvenile characteristics similar to those of the source area for the Nuka
(see summary map in Ross and others, 1992). Similarly, if
fragments of the rifted source area were stranded along the
margin of North America, then evidence of these rocks
might be expected to be more abundant in the Phanerozoic
sedimentary record of North America.
Alternatively, the source area for the Nuka Formation
may be in the Russian Far East. If the allochthonous rocks
in the Brooks Range are unstacked southward and the Arc-

PROTEROZOIC SUPERCONTINENT

Hoffman (1989) interpreted the Early Proterozoic rocks
of the Wopmay orogen as terranes that were accreted to an
Archean protocraton. The evolved Nd isotopic data suggest
that this continental growth occurred through interaction
with older Archean rocks and juvenile crust. As summarized above, these rocks are present along the margin of
northwestern North America and commonly underlie
allochthonous Paleozoic and Mesozoic rocks of oceanic
affinity at their westernmost extent in North America. The
nature of the Early Proterozoic crust that once was to the
west of these exposures is unknown, but it may have consisted of 2.0-2.1 Ga crust that was less evolved than the
coeval rocks exposed in the Omineca belt and Wopmay
orogen and hence more like the crust interpreted as the
source area for the Nuka Formation. The existence of a
western continuation of Early Proterozoic crust is substantiated by sedimentological evidence of a western source for
the Proterozoic Belt-Purcell strata (Ross and others, 1992).
If there once was an Early Proterozoic terrane with the
isotopic character of the source area of the Nuka Formation
outboard of the present exposures of Early Proterozoic basement in the northwestern Cordillera, where are those rocks
now and how did they provide detritus for the Nuka in the
Mis.sissippian? The Cordilleran margin of North America
was formed by rifting sometime after 750 Ma, probably
along the 87Sr/86Sr initial isopleth of 0.706, which approximates the edge of thick continental basement (Kistler and
Peterman, 1978). The rifting led to seafloor spreading and
the opening of Panthalassa, the ancestral Pacific Ocean
(Dickinson, 1977). The present position of the conjugate
margin of the rift is unknown, but recent speculation centers on the composite Australia-Antarctic shield (Moores,
1991; Dalziel, 1991; Hoffman, 1991) (fig. 15). The hypothetical 'source area for the Nuka might be a small crustal
block derived from the Australia-Antarctic shield that was
stranded along the northwestern margin of North America
during this rifting event (fig. 16). However, Early Proterozoic rocks in Australia and Antarctica suggested to be cor-

Australia-p _ Qmolon terrane
It

North

33 Pre-Grenvillian cratons
HI Grenvillian belts

about 700 Ma

^ Anabar and Thelon-Taltson belts

Figure 15. Schematic paleogeographic reconstruction of Late
Proterozoic supercontinent proposed by Hoffman (1991).
Reconstruction is based on correlation of Grenvillian belts and
correlation of Anabar and Thelon-Taltson belts in Siberia and
northern Canada, respectively. Figure modified to show possible
position of Omolon terrane, which is the cratonal core of the
Kolyma-Omolon superterrane of Nokleberg and others (1994).
Position of the Arctic Alaska terrane (AA) depicted prior to 67°
of counterclockwise rotation in the Jurassic and (or) Cretaceous
as proposed by many workers (for example, Halgedahl and
Jarrard, 1987). If restored by this rotation and unstacking of
Brookian thrust faults, the Nuka Formation would be located in
a position along the northern margin of Laurentia and adjacent
to the Siberian and Omolon cratons as shown. If Arctic Alaska
is held fixed in its present position, the Nuka Formation would
lie along the northwestern margin of Laurentia adjacent to
Australia. Wopmay orogen (WO) shown for reference. The loose
fit in parts of the reconstruction reflects changes in the size and
shapes of cratonal areas as a result of tectonic shortening during
subsequent deformation episodes.
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tic Alaska terrane in northern Alaska is restored by rotation
about a pole in the Mackenzie River delta to its inferred
position in pre-Cretaceous time (for example, Halgedahl
and Jarrard, 1987), the Nuka Formation would lie along the
outboard part of the northern margin of North America.
The reconstructions of Moores (1991) and Hoffman (1991)
discussed above place the Siberian craton adjacent to the
northern margin of North America in Proterozoic time (fig.
15) but do not specify the time of rifting along this margin.
Stratigraphic evidence and faunal evidence from the Arctic
Alaska terrane indicate that rifting occurred in the Devonian and is approximately coeval with rifting of the cratonal
rocks of the Omolon terrane away from the Siberian craton
in the Russian Far East (Nokleberg and others, 1994). Furthermore, paleontological data from some lower Paleozoic
rocks of northern Alaska show affinities with Siberian faunas (Palmer and others, 1984; Grantz and others, 1991;
R.B. Blodgett, consultant, oral commun., 1996). These relations suggest that rifting between the Siberian craton, the
Omolon terrane, and the northern margin of North America
occurred in the Devonian. The source region for the Nuka
may have been crustal fragments of the Siberian craton or
Omolon terrane that were stranded by this rifting along the
outboard edge of the Arctic Alaska terrane (as depicted in
fig. 16). Unfortunately, present isotopic data from the
Omolon terrane and the Siberian craton are insufficient to
test this hypothesis. This scenario implies that the granitic
rocks of the Kilbuck and Idono terranes of southwestern
Alaska, which share many isotopic characteristics with the
arkosic detritus in the Nuka Formation, may also have origi-
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nated from positions adjacent to the Omolon terrane (WJ.
Nokleberg, U.S. Geological Survey, oral commun., 1996).

CONCLUSIONS
Sandstone from the Nuka Formation at its type section
in the western Brooks Range consists chiefly of K-feldspar-rich arkosic debris that was derived from a 2.0 2.1 Ga
granitic source area that had little contamination from older
crustal material. Because the Nuka Formation occurs only
in allochthonous thrust sheets, fault slivers, and olistoliths
at high structural positions in the Brooks Range, the location of its source area is unknown. The widespread distribution of the Nuka in the western Brooks Range suggests
that the source area was extensive. On the basis of U-Pb,
Nd, and Pb isotopic data from the arkosic detritus, we eliminate the exposed granitic rocks in the southern Brooks Range
as a possible source area for the detritus in the Nuka Formation. Only the Kilbuck and Idono terranes of southwestern Alaska are known to contain granitic rocks of
approximately the same age and isotopic character as the
detritus in the Nuka Formation, but they are allochthonous
relative to the North American craton and also differ somewhat from the Nuka detritus in their isotopic characteristics.
Zircons with 2.0-2.1 Ga crystallization ages seem to
represent an important crustal component along the Cordillera. However, many of these rocks have Archean Nd model
ages, which distinguishes them from the Proterozoic Nd
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Figure 16. Paleogeographic restoration of the Nuka Formation as inferred by isotopic data and known geologic relations. The data
suggest that the Nuka Formation was deposited adjacent to an offshore highland composed of Early Proterozoic granitic rocks near the
outer edge of a Devonian to Jurassic passive continental margin. The Early Proterozoic granitic rocks may have been stranded by older
(Proterozoic or Devonian) rifting along the margin of North America (see text for explanation).
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model ages of the Nuka Formation detritus. The generally
allochthonous nature of the terranes in which much of this
evidence is preserved precludes any direct correlation among
these terranes and the source for the Nuka Formation. Geologic relations and plate reconstructions for Proterozoic time
suggest that the source area for the Nuka could have been
crustal blocks stranded by rifting along the western margin
of North America in the neo-Proterozoic or by rifting along
the northern margin of North America in the Devonian.
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Comparison of Conodont and Calcareous Microfossil
Biostratigraphy and Lithostratigraphy of the Lisburne Group
(Carboniferous), Sadlerochit Mountains, Northeast Brooks
Range, Alaska
By Anita G. Harris, Paul L. Brenckle, John F. Baesemann, Andrea P. Krumhardt, and
Paul D. Gruzlovic
ABSTRACT
Comparison of the lithostratigraphy and microfossil assemblages in two sections in the eastern and western
Sadlerochit Mountains shows that deposition of the Alapah
Limestone (Lisburne Group) began earlier and the entire
formation formed under more restricted conditions in the
western section. In both sections, appearances of the calcareous microfossils Skippellal sp. and Koninckopora
minutal help position the Meramecian-Chesterian boundary in the lower Alapah. Microfossils in the upper half of
the formation are middle to late Chesterian, and the uppermost beds are probably very late Chesterian. Fossil assemblages in the overlying Wahoo Limestone are more diverse
and slightly more biostratigraphically diagnostic than in
the Alapah. The conodonts Cavusgnathus unicornis and
Adetognathus tytthus with the foraminifer Brenckleina rugosa likely indicate a very late Chesterian age for the lowest
Wahoo strata. In both eastern and western sections, the
Mississippian-Pennsylvanian boundary is at approximately
the same stratigraphic level, 50-56 m above the base of the
lower member of the Wahoo, and is marked by a chert-rich
interval. The conodont Declinognathodus noduliferus and
foraminifers Pseudostaffella spp. or Eoschubertella spp.
appear to be the most reliable fossils for local and regional
correlation of the base of the Morrowan and Atokan Series,
respectively.
The Pennsylvanian part of the lower member and all
of the upper member of the Wahoo Limestone are much
thinner in the western section because of greater erosion
along the pre-Echooka Formation unconformity, slower
deposition, and (or) intraformational unconformities. The
presence of glauconite and some cosmopolitan conodont
species in the western section suggests that at least part of
the Wahoo was deposited more slowly in somewhat deeper
water open-marine conditions than to the east.
The microfossil succession in the Lisburne Group is
generally consistent along depositional strike in northeast-

ern Alaska and is reliable for local Mississippian-Pennsylvanian correlation. However, correlation of the Lisburne
with coeval rocks in sub-Arctic North America remains
difficult because some biostratigraphic indices are absent
and many that do occur seem to appear earlier in northern
Alaska than southward.

INTRODUCTION
The Lisburne Group (chiefly Carboniferous) is a thick
sequence of predominantly carbonate rocks that extends
across the Brooks Range and into the subsurface of the
North Slope, where the upper part of the Lisburne (Wahoo
Limestone) is a hydrocarbon reservoir (Jameson, 1994). In
the northeast Brooks Range, the Lisburne is at least 400 m
thick and is subdivided into the Alapah Limestone and
overlying Wahoo Limestone. Calcareous microfossils
(Armstrong and others, 1970; Mamet and Armstrong, 1972)
and, more recently, conodonts (Krumhardt and others, 1996)
have been used as the primary biostratigraphic controls for
the Lisburne in the northeast Brooks Range.
Two sections of the Lisburne Group, about 40 km apart
in the Sadlerochit Mountains (fig. 1), were measured and
systematically sampled for conodonts, calcareous microfossils (foraminifers, algae, and wcertae sedis (taxonomic
position uncertain)), and microlithofacies. The eastern
Sadlerochit Mountains (ESM) section was measured,
sampled, and analyzed by Krumhardt and others (1996).
Their study focused on the conodont biostratigraphy and
microlithofacies of the Wahoo Limestone; a few samples
were analyzed from the lower and upper parts of the underlying Alapah Limestone at lithostratigraphic boundaries.
The western Sadlerochit Mountains (WSM) section, near
the Katakturuk River, is a composite section (figs. 1, 2)
and was measured and sampled in 1985 by P.L. Brenckle,
J.F. Baesemann, and C.E. Bartberger, Amoco Corporation.
The calcareous microfossils, conodonts, and microlithofacies
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were analyzed by Brenckle, Baesemann, and P.D. Gruzlovic,
respectively.
The relationship of the Lisburne Group to coeval strata
in sub-Arctic North America is not straightforward because
of the absence of key taxa and (or) migration of taxa between the two regions. Krumhardt and others (1996) showed
that most of the established Chesterian to early Atokan
conodont zones of North America could not be recognized
in the eastern Sadlerochit Mountains as well as elsewhere
in the northeast Brooks Range because of the absence of
many key species. For correlation, these authors developed
a conodont biostratigraphic framework for the Wahoo Limestone using some established North American conodont
zones together with local faunal intervals. P.L. Brenckle
and J.F. Baesemann encountered the same biostratigraphic
problems in their Lisburne section in the western Sadlerochit
Mountains and elsewhere in the northeast Brooks Range.
In addition, both groups of investigators recognized that
previous workers in the Sadlerochit Mountains had incon-

sistently positioned series boundaries for a variety of
biostratigraphic and lithostratigraphic reasons, including
redefinition of series boundaries, inconsistent recognition
of stratigraphic units, diachroneity in ranges of taxa between the Arctic and other areas, and changing taxonomic
concepts and incomplete identification of assemblages of
calcareous microfossils (see Krumhardt and others, 1996,
fig. 8).
The above biostratigraphic dilemmas involving a widespread stratigraphic unit that is also an important hydrocarbon reservoir in the subsurface of the North Slope provided
the impetus for this collaborative report. The two Lisburne
Group sections that were independently sampled and analyzed not only allowed a comparison of conodont and calcareous microfossil biostratigraphy, but they also confirmed
the influence of local variations in differential erosion and
depositional regime on correlation.
In this report, we present a lithologic column for the
WSM section (fig. 2), a range chart for calcareous micro145°30'W.
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Figure 1. Generalized geologic map of the Sadlerochit Mountains showing location of the eastern (ESM) and western (WSM)
Sadlerochit Mountains sections, northeast Brooks Range (modified from Krumhardt and others, 1996). Base for inset generalized
from Mt. Michelson 1:250,000 quadrangle (1956 edition, revised 1983); contour interval is 1,000 ft. Lithologic columns for
sections A and B are shown in figures 2A and 25, respectively.
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fossils found in the section (fig. 3), a comparison of the
ranges of significant calcareous microfossils and conodonts
in the eastern and western sections (figs. 4, 5), and photographs of significant calcareous microfossils in the western
section and of conodonts thus far restricted to that section
(figs. 6-10). A detailed lithologic column and microlithofacies analysis of the ESM section and photographs of
all conodont species found there are provided in Krumhardt
and others (1996). The conodont biostratigraphic scheme
given by Krumhardt and others (1996, fig. 7) is much the
same as that used here (see fig. 5).
MICROPALEONTOLOGIC SAMPLING AND
ANALYSIS
Conodont samples averaging 7 kg were collected at 5m intervals in the ESM section; closer intervals were
sampled near lithostratigraphic and chronostratigraphic
boundaries. Three samples were collected from the Alapah
Limestone and 72 from the Wahoo Limestone; all produced conodonts. P.L. Brenckle analyzed the calcareous
microfossils from key lithostratigraphic and chronostratigraphic levels in this section: from 42 to 70 m above
the base of the lower member of the Wahoo and from the
basal llm and between 82 and 118.5 m above the base of
the upper member.
Conodont samples averaging 5 kg were collected at 2to 5-m intervals and calcareous microfossil samples were
collected at closer intervals in the WSM section (fig. 2). Of
95 conodont samples collected, 46 are from the Alapah
Limestone and 49 are from the Wahoo Limestone. Ten
samples, all from the Alapah, lacked conodonts. Harris and
Krumhardt independently analyzed the western section conodont collections previously analyzed by Baesemann. Our
biostratigraphic interpretations are in agreement, as are virtually all of our taxonomic assignments.

COMPARISON OF THE WESTERN AND
EASTERN SADLEROCHIT MOUNTAINS
SECTIONS
LITHOSTRATIGRAPHY
ALAPAH LIMESTONE (MISSISSIPPIAN)

An angular unconformity separates the Alapah Limestone from the underlying Nanook Limestone of Cambrian
and Ordovician age in the WSM section and from the
Katakturuk Dolomite of Proterozoic age in the ESM section. In the WSM section, the Alapah is approximately 224
m thick (fig. 2A). The lower 83 m is about two-thirds exposed and is mainly composed of peloidal to skeletal
packstone and cross-bedded grainstone in cycles 12-15 m
thick. The middle part of the Alapah is about 70 m thick;
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only one-third of this part is exposed in the WSM and
consists of bryozoan-pelmatozoan packstone and grainstone.
The unexposed intervals are mostly covered by platy to
blocky dolomitic rubble. The upper part of the Alapah is
69 m thick, about 90 percent exposed, and is chiefly dolomitic mudstone, wackestone, and packstone containing bryozoans and pelmatozoans and lesser amounts of grainstone.
Sponge spicules increase in abundance in the upper 10 m.
The lower part of the Alapah formed in intertidal, restrictedto open-platform and shoal environments. The middle part
of the Alapah was deposited in an open-platform and (or)
open-marine environment, and the upper part formed in
restricted-platform to intertidal settings. Locally, recrystallization at the top of the Alapah in the WSM section (fig.
2A) obliterated many of the original grains. The origin of
the recrystallized zone is unclear. It may have formed during a tectonic event or local exposure, but its presence
seems to have no significant effect on the faunal succession, which is neither repeated nor noticeably truncated.
The Alapah Limestone is about 175 m thick in the
eastern Sadlerochit Mountains (Watts and others, 1994).
Major rock types include (1) spiculitic dolomite and dolomitic lime mudstone-wackestone containing cryptalgal
laminite; (2) bryozoan-pelmatozoan limestone; and (3) skeletal grainstone and packstone. Lithostratigraphy, microlithofacies, and conodont biofacies indicate the Alapah
formed in a variety of shallow-water depositional settings
on a carbonate platform (Watts and others, 1994).
Lithologically, the Alapah Limestone is similar in the
eastern and western sections. The formation is about 50 m
thicker and appears more dolomitic in the western section.
Deposition of the Alapah began earlier in the west. Here,
the lower 40 m are most likely late Meramecian, whereas
the entire Alapah is of Chesterian age in the eastern
Sadlerochit Mountains (Mamet and Armstrong, 1984). The
contact between the Alapah and the overlying Wahoo Limestone is sharp and conformable in the eastern section and
is placed at the base of the first light-weathering, cliffforming, fossiliferous limestone above the slope-forming,
darker limestone and dolostone characteristic of the Alapah.
The boundary is probably the same in the western section,
where it is placed at the top of a recrystallized zone. In
both sections the formation is interpreted to have formed in
a restricted- to open-platform depositional setting, although
restricted settings are more prevalent in the western section.
WAHOO LIMESTONE (MISSISSIPPIAN AND
PENNSYLVANIAN)

The Wahoo Limestone, which is approximately 262 m
thick in the ESM section and 142 m thick in the WSM
section, has been informally subdivided into lower and upper members by Watts and others (1994). The general lithologic succession is similar in both sections. The western
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thickness of 377 m. The sections overlap slightly and are correlated at the Alapah Limestone-Wahoo Limestone contact.
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section was deposited on the relatively positive Sadlerochit
high (Armstrong and Mamet, 1974; Mamet and Armstrong,
1984) and represents one of the thinnest Wahoo Limestone
sequences in the northeast Brooks Range (Watts and others, 1994).
LOWER MEMBER (MISSISSIPPIAN AND PENNSYLVANIAN)

The lower member of the Wahoo Limestone is 54 m
thick in the western section and 70 m thick in the eastern
section. In both sections, it is typically massive, light-gray,
cliff-forming, fossiliferous limestone.
Bryozoan-pelmatozoan grainstone and packstone containing common dark-gray replacement chert nodules characterize the lower member in both the western and eastern
sections. In the western section, peloids, ooids, and superficial ooids are rare (fig. 2fi); oolitic grainstone first appears in the upper 3 m. In the eastern section, rare beds of
mixed skeletal wackestone and packstone occur particularly near the base and near the Mississippian-Pennsylvanian boundary. Peloids, including completely micritized
bioclasts, are a common constituent, becoming abundant
near the Mississippian-Pennsylvanian boundary. Oolitic
grainstone, a lithology that typifies the upper member, first
appears as a 2-m-thick interval 8 m below the top of the
lower member. Lithology, grain types, and fossils in both
sections indicate the member formed in a range of partly
restricted to open-marine environments.
The Mississippian-Pennsylvanian boundary is 50 m
above the base of the lower member in the western section
and 6 m higher in the eastern section (figs. 4, 5). In both
sections it is marked by a chert-rich interval. In the WSM
section, this interval is 3 m thick, straddles the systemic
boundary, and consists of bryozoan-pelmatozoan packstone
and grainstone containing abundant dark-gray chert. In the
ESM section, the interval is below the systemic boundary,
consists of a 0.5- to 1-m-thick peloidal-spiculitic wackestone
that is partly replaced by reddish-brown and gray nodular
chert, and appears to have been deposited above an irregular surface with as much as 1 m of relief. The surface has
been interpreted to have formed during subaerial exposure
(Carlson, 1990; Watts and others, 1994). Elsewhere in the
eastern Sadlerochit Mountains, the chert interval is immediately above the systemic boundary at some sections and
immediately below it at others (Krumhardt and others, 1996,
fig. 6). Some of the variation in thickness of the lower
member may be related to variations in erosion at the exposure surface that marks the Mississippian-Pennsylvanian
boundary.
The Pennsylvanian part of the lower member is thicker
in the eastern section than in the western section (14 m
versus 4 m). The boundary between the two members in
the eastern section is marked by an increase in detrital
quartz (Krumhardt and others, 1996). In the western section, detrital quartz makes up as much as 2 percent of the
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chert-rich interval that straddles the Mississippian-Pennsylvanian boundary and, as in the eastern section, detrital quartz
increases in the lower part of the upper member. In addition, possibly redeposited, latest Mississippian conodonts
are found sporadically in the Pennsylvanian part of the
lower member in the eastern section and increase in abundance a meter below the contact with the upper member.
Only one possible redeposited form, Gnathodus bilineatus,
was found in the base of the Pennsylvanian part of the
lower member in the western section. The contact between
the lower and upper members is planar in both the eastern
and western sections. The uppermost beds of the lower
member at the eastern section represent a significant regressive sequence of peloidal-skeletal packstone, spiculitic
limestone, and cryptalgal laminites; erosion channels were
observed near the eastern section (Krumhardt and others,
1996). These features along with the notable increase in
detrital quartz and possibly redeposited conodonts suggest
exposure and erosion at the lower-upper member contact
that could have contributed to variations in thickness of the
lower member in the Sadlerochit Mountains. The contact
between the lower and upper members is well exposed in
the eastern section and is marked by a change from cliffforming, light-gray packstone below to orange-weathering,
silty, cryptalgal(?) dolostone above.
UPPER MEMBER (PENNSYLVANIAN)

The upper member of the Wahoo Limestone is 88 m
thick in the western section and 192 m thick in the eastern
section. Both sections contain many progradational,
shallowing-upward parasequences, 3 to 13 m in thickness,
that form a characteristic ledge-and-slope topography. Fifteen parasequences are recognizable in the upper member
in the western section, whereas 24 can be recognized in the
eastern section. The parasequences of the western section
chiefly contain various proportions of bryozoan-pelmatozoan
to mixed skeletal grainstone, packstone, and wackestone,
and oolitic grainstone. Those in the eastern section mainly
contain, in ascending order, various proportions of bryozoan-pelmatozoan grainstone and packstone, oolitic
grainstone and mixed skeletal packstone, and oncolitic and
peloidal packstone and grainstone. In both sections, the
member formed in a range of restricted- or partly restrictedto open-platform, shoal, tidal-channel, and open-marine
depositional settings on a southward-dipping carbonate
ramp.
Relatively few conodonts and foraminifers are found
in the lower beds of the upper member, possibly owing to
inhospitable environmental conditions. According to Watts
and others (1994), the lower beds of the upper member in
the northeast Brooks Range formed on a predominantly
restricted platform during a major regression and contain
some of the shallowest water deposits in the Wahoo Limestone. The interval contains cryptalgal laminites, common
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detrital quartz sand (averaging 12 percent in the lower 20
m of the upper member), and, locally, exposure surfaces
(Krumhardt and others, 1996).
Ooid grainstone, indicative of a shoal environment,
first occurs 25 m above the base of the upper member in
the ESM section, is common to 144 m above the base,
becomes rare in the succeeding 24 m, and is absent in the
upper 24 m. The upper 24 m are mostly beds of peloidal,
oncolitic, and bryozoan-pelmatozoan packstone and
grainstone that indicate deposition in more restricted conditions than those that prevailed during deposition of much
of the underlying part of the upper member. In comparison,
oolitic grainstone first appears 10m above the base of the
member in the WSM section, does not become common
until 45 m higher, and remains common to the top of the
section. Oncoids were not identified in the western section.
That section has a 10-m aggregate thickness of oolitic
grainstone compared to 38 m in the eastern section. Glauconite is a minor constituent in the western section from
the middle part of the lower member through the upper

member but is absent in the eastern section. The presence
of glauconite in the western section may indicate a slower
rate of deposition and may account for some of the disparity in thickness between the two sections.
The greatest difference in thickness between the eastern and western sections is within the upper member, in the
interval of the Rhachistognathus minutus and Idiognathodus
faunas (71 m in the western section versus 178 m in the
eastern section). The interval of the R. minutus Fauna is 40
m thicker in the eastern section than in the west. We infer
that more sediment accumulated in the eastern section during this time interval. Much of the remaining variation in
thickness of the upper member may be related to differential erosion along the top of the Lisburne Group. The interval of the Idiognathodus Fauna is 67 m thicker in the eastern
section but may have been at least as thick in the western
section prior to pre-Echooka Formation erosion. Similarly,
the thin Lisburne interval above the appearance of
Pseudostqffella in the western section compared to the eastern section (fig. 5) supports differential erosion along the

Figure 6. Foraminifers from the western Sadlerochit Mountains
composite section (thin sections). Explanation of sample
designations: A, lower part of section (fig. 2A), from Alapah
Limestone except as noted; B, upper part of section (fig. 25),
from Wahoo Limestone except as noted; stratigraphic position of
sample shown in figure 2. All illustrated specimens are reposited
in the U.S. National Museum (USNM), Washington, D.C.

11. Sample B-102, USNM 489234.
12. Sample B-125C, USNM 489235.
14, Neoarchaediscus probatus (Reitlinger, 1950) (=Archaediscus

1. 15, Planoarchaediscinae, x200.
1, Viseidiscus sp., axial section, sample A-19, USNM
489224.
15, Planoarchaediscus sp., axial section, sample A-44C,
USNM 489238.
2. Kasachstanodiscus kischkinensis Marfenkova, 1978, axial
section, sample A-46, x200, USNM 489225.
3. Paraarchaediscus koktjubensis (Rauzer-Chernousova, 1948),
slightly oblique axial section, sample B-46, x200, USNM
489226.
4-6, Paraarchaediscus stilus (Grozdilova and Lebedeva in
Grozdilova, 1953), axial sections.
4. Sample B-49, x200, USNM 489227.
5. Sample A-102C, x200, USNM 489228.
6. Sample B-5C, Alapah Limestone, xlOO, USNM
489229.
7. Paraarchaediscus pachytheca (Petryk, 1971), axial section,
sample A-78C, x200, USNM 489230.
8. Paraarchaediscus pauxillus (Shlykova, 1951), axial section,
sample B-40, x200, USNM 489231.
9. 10, 13, Asteroarchaediscus rugosus (Rauzer-Chernousova,
1948), axial sections, x200.
9. Sample B-34, USNM 489232.
10. Sample B-113, USNM 489233.
13, Sample B-80, USNM 489236.
11, 12, Asteroarchaediscus baschkiricus (Krestovnikov and
Theodorovich, 1936), axial sections, x200.

incertus Grozdilova and Lebedeva, 1954), axial section, sample
B-122C, xlOO, USNM 489237.
16, 17, 19, Brenckleina rugosa (Brazhnikova, 1964), x200.
16. Sagittal section, sample B-34, USNM 489239.
17. Oblique-sagittal section, sample B-56, USNM 489240.
19. Axial section, sample B-56, USNM 489242.
18, Eosigmoilina robertsoni (Brady, 1876), axial section, sample
B-56, x200, USNM 489241.
20. 25, 26, Planospirodiscus absimilis (Sosipatrova, 1962), sample
B-70, x200.
20. 25, Axial sections, USNM 489243, 48.
26, Sagittal section, USNM 489249.
21. Neoarchaediscus borealis (Reitlinger, 1949), axial section,
sample B-31C, x200, USNM 489244.
22. Archaediscus sp., axial section, sample B-122C, x200, USNM
489245.
23. 24, Asteroarchaediscus postrugosus (Reitlinger, 1949), nearaxial sections, x200.
23. Sample B-105, Echooka Formation, USNM 489246.
24. Sample B-130, USNM 489247.
27-36, Asteroarchaediscus} sp. A, axial sections, x200. These
specimens resemble Asteroarchaediscus in the occlusion of
the tubular chamber but differ in the evolute, nearly planispiral
coiling and narrowly discoidal shape.
27. 31, Sample B-56, USNM 489250, 54.
28. 30, Sample B-65, USNM 489251, 53.
29. Sample B-46, USNM 489252.
32. Sample B-63C, USNM 489255.
33. Sample B-35C, USNM 489256.
34. Sample B-55, USNM 489257.
35. Sample B-34, USNM 489258.
36. Sample B-52, USNM 489259.
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pre-Echooka unconformity and partly accounts for the fewer
parasequences at that location.
Siliciclastic beds of the Echooka Formation unconformably overlie the Wahoo Limestone. The basal meter of the
Echooka near the western section contains early Late Permian (Wordian or Capitanian) conodonts that establish a
hiatus of at least 40 million years at the unconformity.
BIOSTRATIGRAPHY
Calcareous microfossils (Armstrong and others, 1970;
Mamet and Armstrong, 1972, 1984; Armstrong and Mamet,
1977) and conodonts (Krumhardt and others, 1996) have
been used as the primary biostratigraphic controls for the
Lisburne Group in the northeast Brooks Range. The absence of many key taxa and the diachroneity in the ranges
of taxa between Alaska and other areas due to migration
have made it difficult to precisely correlate the Lisburne
Group to strata beyond northern Alaska.

Figure 7. Foraminifers from the western Sadlerochit Mountains
composite section (thin sections). Explanation of sample
designations: A, lower part of section (fig. 2/4), from Alapah
Limestone; B, upper part of section (fig. 2fi), from Wahoo
Limestone except as noted; stratigraphic position of sample shown
in figure 2. All illustrated specimens are reposited in the U.S.
National Museum (USNM), Washington, D.C.
1-3, Endostaffella spp., xlOO.
1. Sagittal section, sample A-71C, USNM 489260.
2. 3, Axial and sagittal sections, sample A-44C, USNM
489261,62.
4, 5, "Priscella" sp., sagittal sections, xlOO.
4. Sample B-26C, USNM 489263.
5. Sample B-46, USNM 489264.
6-11, Mediocris breviscula (Ganelina, 1951), sagittal sections
except as noted, xlOO.
6. Sample A-42, USNM 489265.
7. Sample B-34, USNM 489266.
8. Sample A-102C, USNM 489267.
9. Sample B-65, USNM 489268.
10. Axial section, sample B-56, USNM 489269.
11. Sample B-5C, Alapah Limestone, USNM 489270.
12-15, 17, 18, Pseudoendothyra spp., axial sections, x50 except
as noted.
12. 13, Sample B-142, USNM 489271, 72.
14. Sample B-137, xl.OO, USNM 489273.
15. Sample B-126, USNM 489274.
17. Sample B-134, USNM 489276.
18. Sample B-58, USNM 489277.
16, Pseudoendothyra circuit (Thompson, 1945), axial section,
sample B-129, xlOO, USNM 489275.
19, Eostaffella cf. E. infulaeformis (Ganelina, 1951), slightly
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Most Carboniferous foraminifers apparently originated
in the central Eurasian Tethys (Mamet and Skipp, 1970)
and, during the Late Mississippian to Middle Pennsylvanian, migrated westward across Arctic North America to
reach southern Canada and the conterminous United States
(Armstrong and Mamet, 1977; Groves, 1988). Foraminiferal diversity dropped markedly from Eurasia to North
America probably owing to changing climatic and geographic conditions along the migration pathway (Ross and
Ross, 1985). The Arctic region, however, retained many
elements common to the Tethys, leading Ross (1967) to
combine those areas into a Eurasian-Arctic Realm and group
the rest of North America and South America into a
Midcontinent-Andean Realm. Mamet (in Mamet and
Belford, 1968, and in Armstrong and Mamet, 1977) relegated the Arctic faunas to a Taimyr-Alaska Realm transitional between the prolific Tethyan and relatively
impoverished, phylogenetically incomplete North Ameri-

oblique-axial section, sample B-lll, xlOO, USNM 489278.
20. "Millerella" designata Zeller, 1953, axial section, sample B46, xlOO, USNM 489279.
21. Millerella marblensis Thompson, 1942, axial section, sample
B-69, xlOO, USNM 489280.
22. Millerella pressa Thompson, 1944, axial section, sample B83C, xlOO, USNM 489281.
23. Novella! sp., axial section, sample B-34, xlOO, USNM 489282.
24-27, Eostaffellal postmosquensis Kireeva in RauzerChernousova, Gryslova, Kireeva, Leontovich, Safonova and
Chernova, 1951, (?= "Millerella" tortula Zeller, 1953), axial
sections except as noted, xlOO.
24. Sample B-71C, USNM 489283.
25. Sample B-148C, USNM 489284.
26. Sample B-84, USNM 489285.
27. Sagittal section, sample B-lll, USNM 489286.
28-30, Plectostaffella jakhensis Reitlinger, 1971, x 100.
28. Axial section, sample B-136, USNM 489287.
29. Oblique-axial section, sample B-88, USNM 489288.
30. Oblique-sagittal section, sample B-150, USNM
489289.
31, 32, Pseudostaffella (Semistaffella) sp., sagittal sections, xlOO.
31. Sample B-137, USNM 489290.
32. Sample B-133C, USNM 489291.
33, 37, 38, Eoschubertella spp., xlOO.
33. Sagittal section, sample B-142, USNM 489292.
37. Axial section, sample B-135C, USNM 489296.
38. Axial section, sample B-136, USNM 489297.
34-36, Pseudostaffella (Pseudostaffella) spp.
34. Axial section, sample B-132, xlOO, USNM 489293.
35. Sagittal section, sample B-130, x50, USNM 489294.
36. Axial section, sample B-137, x50, USNM 489295.
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can Realms. Eurasian elements that "filtered" through the
Arctic into the North American Realm provided a cosmopolitan assemblage for correlation across the Northern Hemisphere.
The close relationship between Canadian Arctic and
Eurasian foraminiferan faunas has recently been confirmed
in papers describing Early to Middle Pennsylvanian assemblages from the Sverdrup basin (Groves and others, 1994;
Rui and others, 1996). Similarly, the Lisburne Group in the
Sadlerochit Mountains contains a number of Eurasian foraminifers that, as in Arctic Canada, are never or rarely encountered in sub-Arctic North America. These taxa include
Asteroarchaediscus postrugosus, Endotaxis brazhnikovae,
Howchinia sp., Kasachstanodiscus kischkinensis, Koskino-

bigenerina sp., Neoarchaediscus borealis, Novella! sp.,
Planospirodiscus absimilis, Plectostaffella jakhensis, and
Pseudostaffella (Semistaffella) sp. During the middle Carboniferous, the Arctic clearly was the primary gateway for
passage of Eurasian faunas into the rest of North America,
and, conversely, it was a route for dispersion of typical
North American forms into other regions. Bidirectional migration through the Arctic resulted in the nearly cosmopolitan distribution of biostratigraphically useful taxa. In
North America, however, many of these taxa are immigrants and their appearances are younger than in Eurasia,
where they appeared in evolutionary continuity with their
ancestors. The challenge for high-resolution biostratigraphy between the Lisburne and coeval sub-Arctic North
American strata is to gauge correctly the magnitude of

Figure 8. Foraminifers from the western Sadlerochit Mountains
composite section (thin sections). Explanation of sample
designations: A, lower part of section (fig. 2A), from Alapah
Limestone; B, upper part of section (fig. 2fi), from Wahoo
Limestone except as noted; stratigraphic position of sample shown
in figure 2. All illustrated specimens are reposited in the U.S.
National Museum (USNM), Washington, D.C.

1948), axial section, sample A-44C, USNM 489315.
19, P. volgensis (Rauzer-Chernousova, 1948), axial
section, sample B-12C, USNM 489316.
20. Calcitornellin/calcivertellin encrusting foraminifer, sample B88, xlOO, USNM 489317.
21. Trepeilopsis sp., longitudinal section, sample B-24C, xlOO,
USNM 489318.
22-24, Endotaxis brazhnikovae Bogush and Yuferev, 1966, xlOO.
22. Tangential-axial section, sample B-23, USNM 489319.
23. Tangential-sagittal section, sample B-18, USNM
489320.
24. Tangential-sagittal section, sample B-24C, USNM
489321.
25. Palaeonubecularia sp. encrusting bryozoan, sample B-83C,
x50, USNM 489322.
26. Biseriella parva (Chernysheva, 1948), near sagittal section,
sample B-34, xlOO, USNM 489323.
27-33, Globivalvulina of the group G. bulloides (Brady, 1876),
xlOO.
27-29, 32, 33, Globivalvulina cf. G. bulloides. 27, Near
sagittal section, sample B-5C, Alapah Limestone,
USNM 489324.
28. Sagittal section, sample B-57C, USNM 489325.
29. Tangential-axial section, sample B-45C, USNM
489326.
32. Tangential-axial section, sample B-34, USNM 489329.
33. Sagittal section, sample B-25, USNM 489330.
30, 31, Globivalvulina bulloides (=G. moderata Reitlinger, 1949),
tangential-axial sections.
30. Sample B-60, USNM 489327.
31. Sample B-70, USNM 489328.
34-36, Globivalvulina granulosa Reitlinger, 1950.
34. Sagittal section, sample B-lll, xlOO, USNM 489331.
35. Oblique-axial section, sample B-110, xlOO, USNM
489332.
36. Tangential-axial section, sample B-70, x50, USNM
489333.
37, Globivalvulina sp. aff. G. granulosa Reitlinger, 1950, sagittal
section, sample B-142, x50, USNM 489334. Wall thickness
in last chambers is 45-55 mm.

1. Skippellal sp., sagittal section, sample A-15, xlOO, USNM
489298.
2. Globoendothyral sp., near axial section, sample A-10, xlOO,
USNM 489299.
3-5, Palaeotextulariidae, oblique-longitudinal sections.
3. Consobrinella sp., sample B-57C, x50, USNM 489300.
4. Koskinobigenerina sp., sample B-57C, x40, USNM
489301.
5. Climacammina sp., sample B-128, x50, USNM 489302.
6. Planoendothyra sp., axial section, sample B-83C, xlOO, USNM
489303.
7. Endothyra excellens (Zeller, 1953), near sagittal section, sample
B-83C, x50, USNM 489304.
8. Endothyra sp., oblique-sagittal section, sample B-125C, xlOO,
USNM 489305.
9. Indeterminate Protonodosariidae, oblique-longitudinal section,
sample B-154, Echooka Formation, xlOO, USNM 489306.
10. 11, Protonodosaria spp., oblique-longitudinal sections,
Echooka Formation, xlOO.
10. Sample B-153, USNM 489307.
11. Sample B-152, USNM 489308.
12. 14, Turrispiroides sp., axial and sagittal sections, respectively,
sample B-63C, xlOO, USNM 489309, 11.
13. 15, Monotaxinoides spp., xlOO.
13, Near axial section, sample B-34, USNM 489310.
15, Axial section, sample B-116C, USNM 489312.
16, Howchinia sp., tangential-axial section, sample B-34, xlOO,
USNM 489313.
17-19, Pseudoammodiscidae, xlOO.
17. Brunsia sp., axial section, sample A-35C, USNM
489314.
18. Pseudoammodiscus priscus (Rauzer-Chernousova,
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diachroneity in key microfossil appearances. Were they geologically instantaneous or significantly delayed? The evidence suggests a mixture of both.
The foraminiferal succession across the North Slope,
however, is generally consistent and can provide a fairly
reliable scheme for local Mississippian and Pennsylvanian
correlation. The WSM succession (fig. 3) is representative
of the distribution expected in northeastern Alaska.
MISSISSIPPIAN
(ALAPAH LIMESTONE AND PART OF THE LOWER MEMBER OF
THE WAHOO LIMESTONE)

Calcareous microfossil distribution in the Alapah Limestone in the western section is erratic because of poor exposures and inhospitable paleoenvironments ranging from
cyclical, very high energy shoals and restricted lagoons in
the lower part of the formation to thick, sabkha-type dolomites in the upper part. We have not studied the calcareous
microfossils of the Alapah in the eastern section. Armstrong
and Mamet (1977) show the distribution of selected calcareous foraminifers in the Lisburne Group at Sunset Pass,
about 1 km west of our eastern section. Their biostratigraphy, however, is based on only a few taxa identified to the
generic level. No detailed stratigraphic sequence of fora-

Figure 9. Algae and incertae sedis from the western Sadlerochit
Mountains composite section (thin sections). All specimens are
algae except figures 21-24, which are incertae sedis. Explanation
of sample designations: A, lower part of section (fig. 2A), from
Alapah Limestone; B, upper part of section (fig. 2fi), from Wahoo
Limestone except as noted; stratigraphic position of sample shown
in figure 2. All illustrated specimens are reposited in the U.S.
National Museum (USNM), Washington, D.C.
1. 4, Donezella lutugini Maslov, 1929, longitudinal sections.
1, Sample B-126, x80, USNM 489335.
4, Sample B-138C, x80, USNM 489338.
2. Epimastoporella sp., sample B-124, xlOO, USNM 489336.
3. Donezella sp., longitudinal section, sample B-132, x50, USNM
489337.
5. Beresella sp., longitudinal section, sample B-136, x50, USNM
489339.
6. Fourstonella sp., sample A-44C, xlOO, USNM 489340.
7. Orthriosiphonoides sp., sample B-118, x25, USNM 489341.
8. Epistacheoides connorensis Mamet and Rudloff, 1972, sample
A-62C, x25, USNM 489342.
9. 13, Masloviporidiwn delicatum (Berchenko, 1982) emend.
Groves and Mamet, 1985, xlOO.
9, Sample A-71C, USNM 489343.
13, Sample A-49, USNM 489347.
10. 18, "Komia" sp. A, x50. The blocky calcification of these
specimens resembles that of the ungdarellin red alga Komia,
but the thallus apparently encrusts around a central support
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minifers is illustrated, thereby making comparison to our
western section imprecise.
The lower part of the Alapah Limestone in the WSM
section contains a meager calcareous microfossil assemblage that is tentatively correlated to the Meramecian, based
on the occurrences of Koninckopora minutal (incertae sedis)
and Skippella! sp. (fig. 3). Koninckopora begins in the
Osagean and in Eurasia extends into the lower Chesterian
(=upper Visean, V3c). In North America, its disappearance
is operationally considered to be within the Meramecian
because its last definite occurrence is within the St. Louis
Limestone and equivalents in the Midcontinent (Baxter and
Brenckle, 1982) and because the genus occurs only rarely
within the lowermost Chesterian of the Cordillera (Sando
and others, 1969; Petryk and others, 1970). Skippella, a
genus closely related in age and morphology to Eoendothyranopsis, is not known to occur above the Meramecian
(Armstrong and Mamet, 1977), but the Sadlerochit Mountains form (fig. 8:1) does not show all the attributes necessary for a positive identification; it may be a.juvenile.
Without a more diverse assemblage, a precise correlation
for these specimens is not possible. Our unpublished collections from the base of the Alapah at Clarence River in
the eastern Arctic National Wildlife Refuge (ANWR), about
170 km east of the WSM section (fig. 1), contain a

unlike the free-standing thallus of true Komia.
10, Sample B-58, USNM 489344.
18, Sample B-100C, USNM 489352.
11. Archaeolithophyllum missouriense Johnson, 1956, sample B137, x25, USNM 489345.
12. Berestoviafilaris Berchenko, 1982, sample B-136, x50, USNM
489346.
14. Asphaltinella sp., sample B-102, x50, USNM 489348.
15. Stacheoides tenuis Petryk and Mamet, 1972, sample B-49,
xlOO, USNM 489349.
16. Indeterminate Dasycladaceae, sample B-143, xlOO, USNM
489350.
17. Stacheia sp., sample B-60, xlOO, USNM 489351.
19. Aoujgalia variabilis Termier and Termier, 1950, sample B46, x50, USNM 489353.
20. Stacheoides meandriformis Mamet and Rudloff, 1972, sample
B-25, x25, USNM 489354.
21. Tubisalebra calamiformis Bogush and Brenckle, 1982,
longitudinal section, sample A-69C, x50, USNM 489355.
22. Koninckopora minutal Weyer, 1968, abraded allochem,
sample A-9C, xlOO, USNM 489356.
23. Asphaltinoides macadami (Brenckle and Groves, 1987), sample
A-69C, x25, USNM 489357.
24. Asphaltina cordillerensis Mamet in Petryk and Mamet, 1972,
sample B-27, x25, USNM 489358.
25. Richella incrustata Mamet and Roux in Mamet and others,
1987, sample B-126, x40, USNM 489359.
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Meramecian Eoendothyranopsis-Globoendothyra fauna
along with Skippella and Koninckopora. These occurrences
lend some credence to a Meramecian assignment for the
base of the Alapah in the WSM section.
The Chesterian foraminiferal sequence in the Alapah
and lower member of the Wahoo generally agrees well
with that found in other parts of North America (fig. 3).
The appearance of Asteroarchaediscidae (Asteroarchaediscus baschkiricus, in particular) is characteristic of the lower
Chesterian followed by Biseriella parva, Eostaffellal
postmosquensis (!=" Millerella" tortuld), and eosigmoilinids
(Eosigmoilina robertsoni and Brenckleina rugosd). This succession has been reported in central and western North
America (for example, Sando and others, 1969; Mamet and
others, 1971; Mamet, 1975; Baxter and Brenckle, 1982;
Brenckle, 1991), except that Biseriella has not been definitely found in the Chesterian of the Midcontinent. Biseriella
of the group B. parva definitely starts in the upper half of
the Alapah and is followed by its descendant form,
Globivalvulina of the group G. bulloides near the top of the
formation (fig. 3).
Calcareous microfossils become more plentiful in the
lower member of the Wahoo Limestone because of more
favorable depositional environments, but they do not attain
the diversity and abundance seen higher in the section. The
bryozoan-pelmatozoan packstone and grainstone that make
up most of the lower member were probably deposited
lower on the shelf than most other rocks in the Wahoo. The
beds have relatively abundant Asphaltina and aoujgaliacean

red algae that exploited the available light spectrum in this
slightly deeper water zone.
PENNSYLVANIAN
(UPPER PART OF LOWER MEMBER AND UPPER MEMBER OF
WAHOO LIMESTONE)

The Mississippian-Pennsylvanian boundary is within
the upper part of the lower member of the Wahoo Limestone (figs. 3-5). This boundary, which coincides with the
proposed international Mid-Carboniferous boundary, is defined by the appearance of the conodont Declinognathodus
noduliferus subspp. and auxiliary guide fossils, including
the foraminifers Globivalvulina sp. D (= G. bulloides Brady,
1876 = G. moderata Reitlinger, 1949), Millerella
marblensis, and M. pressa (Lane, Bouckaert, and others,
1985). This foraminiferal definition of the boundary follows the criteria of Mamet (1975). In North America the
boundary is best understood in terms of the microfossil
succession at Arrow Canyon, Nevada, the candidate section for the Mid-Carboniferous boundary stratotype. At this
locality, eosigmoilinid foraminifers disappear less than 0.5
m above the first D. noduliferus. Globivalvulina bulloides
appears 2 m higher, followed by M. pressa and M.
marblensis 6-7 m above that (Lane, Baesemann, and others, 1985; Brenckle and others, in press).
Millerella marblensislM. pressa, which originated in
the Midcontinent-Andean Realm, are unreliable markers
elsewhere because of their rarity. Although they are present

Figure 10. Important conodont species limited
thus far to the western Sadlerochit Mountains
section (scanning electron micrographs). Virtually all other conodont taxa identified in both
the eastern and western sections are illustrated
in Krumhardt and others (1996). Stratigraphic
position of samples shown in figure IE; all
specimens from Wahoo Limestone. All illustrated specimens are reposited in the U.S. National Museum (USNM), Washington, D.C.
1-5, Upper views of Pa elements, xlOO.
1. Declinognathodus noduliferus
inaequalis (Higgins), sample B-85C,
USNM 489360.

2. 3, Declinognathodus noduliferus
lateralis (Higgins and Bouckaert),
sample B-89C, USNM 489361, 62.
4, 5, Idiognathoides pacificus Savage
and Barkeley, adult and juvenile
specimens, sample B-89C, USNM
489363, 64.
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in Alaska, millerellin faunas there are mostly related to M.
carbonica (Armstrong and Mamet, 1977) that came from
Eurasia. Globivalvulina, on the other hand, is abundant in
the Lisburne Group and seemingly should be the taxon of
choice for a foraminiferal-based definition of the Mississippian-Pennsylvanian boundary. This genus evolved from
the morphologically similar species, Biseriella parva,
through development of a granular clear layer (diaphanotheca) within the test wall. Because of its shape and coiling
pattern, it is difficult to discern meaningful morphologic
differences in unoriented thin sections, and Globivalvulina
is best differentiated by wall thickness and structure. The
first Globivalvulina is the species G. bulloides, which has a
relatively thin wall (10-20 Jim) and rudimentary clear layer.
Globivalvulina granulosa evolved from G. bulloides later
in the Morrowan through development of a more prominent diaphanotheca, thickening of the wall (20-40 jj,m) and
larger size. Thin-walled, diaphanotheca-bearing specimens
first appear in the western section near the top of the Alapah
Limestone (fig. 25, sample 5C; fig. 3) and within the lower
member of the Wahoo Limestone well below the appearance of Declinognathodus noduliferus (fig. IB, sample 47C).
These specimens are identified as Globivalvulina of the
group G. bulloides (figs. 8:27, 29, 32, 33) because their
size is smaller than typical G. bulloides, although the wall
thickness and structure are similar. It is not known if these
smaller specimens are stratigraphically important or represent an ecophenotypic response to the restricted environment of the upper part of the Alapah and the bryozoanpelmatozoan-dominated open-marine environment of the
lower member of the Wahoo. In the eastern section, representatives of the G. bulloides group occur in the lowest
sample analyzed for calcareous microfossils, 43 m above
the base of the lower member of the Wahoo and 13 m
below the Mississippian-Pennsylvanian boundary. In the
western section, larger G. bulloides (fig. 8:30) appear in
the lower part of the upper member of the Wahoo (fig. 2B,
sample 57C) within the range of the eosigmoilinids that
disappear above sample 65 (fig. 2fi).
Globivalvulina overlaps the upper range of Brenckleina
rugosa in the Cordillera (Skipp and others, 1985) but is
unknown there below Declinognathodus noduliferus. The
extended range in Alaska was puzzling at first because
Globivalvulina appears with its precursor in both regions
and its first occurrence would be expected to be similar.
Recent foraminiferal work on Mid-Carboniferous boundary faunas suggests that the discrepancies are related to
biogeographical distribution. Thin-walled Globivalvulina
have now been reported beneath D. noduliferus in France
(Ferret, 1993), Algeria (Mamet and others, 1995), Ukraine
(Vdovenko and others, 1990), and Japan (Katsumi Ueno,
Inst. Geoscience, Univ. Tsukuba, Ibaraki, Japan, written
commun., October 1995). These occurrences indicate that
Globivalvulina developed initially in Eurasia during the
late Chesterian and migrated into the North American-
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Andean Realm early in the Pennsylvanian. The reliability
of the genus as a worldwide indicator of the MississippianPennsylvanian boundary is doubtful.
The appearance of Palaeonubecularia (= thick-walled
"Pseudoglomospira" of Brenckle and others, 1982; Skipp
and others, 1985) was proposed also as a possible indicator
for the Mississippian-Pennsylvanian boundary. It occurs in
the Morrowan in the WSM section and questionably in the
Chesterian (fig. 3), although it is known definitely from the
Chesterian in collections at Clarence River, eastern ANWR
(Amoco Corporation, unpub. data). Its Pennsylvanian
appearance in sub-Arctic North America is most likely
a diachronous migration event from Eurasia. Palaeonubecularia was described originally from the Middle Pennsylvanian in eastern Europe (Reitlinger, 1950), and similar
morphologic forms have been described under the names
Pseudolituotuba (Vdovenko, 1971) and Vostokovella
(Pronina, 1972) from the Mississippian in Eurasia. These
three genera may be the same and have a combined range
through much of the Carboniferous.
At the WSM section, eosigmoilinids and Paraarchaediscus disappear at the same level within the lower part of
the upper member of the Wahoo Limestone directly below
the incoming of Globivalvulina granulosa, the descendant
of G. bulloides (fig. 3). The disappearance of Paraarchaediscus, a worldwide event in the Early Pennsylvanian, marks
the end of archaediscids with a two-layered wall. Their
morphology is reiterated by the Pseudovidalinidae beginning in the Middle Pennsylvanian (Brenckle and Wahlman,
1994).
Calcareous microfossils have not been used widely in
the Midcontinent and Cordillera to subdivide the Morrowan.
However, in those areas, the nonevolutionary appearance
of the fusulinid genera Pseudostaffella (Pseudostaffella) and
Eoschubertella is used to define the Morrowan-Atokan
boundary (Mamet, 1975; Groves, 1986). Groves (1988)
showed that Pseudostaffella (Pseudostaffella) evolved in
Eurasia through the lineage Plectostaffella-Pseudostaffella
(Semistaffella)-Pseudostaffella (Pseudostaffella), a succession that is also known in Arctic Canada (Groves and others, 1994), in the Wahoo Limestone in the WSM section,
and elsewhere on the North Slope. Because only the end
member of that lineage is represented in sub-Arctic North
America and because the first pseudostaffellins in that region seem more advanced than the first ones appearing in
the Tethys, Groves (1988) postulated that the group reached
the North American-Andean Realm later. In that case, a
Pseudostaffella-based Morrowan-Atokan boundary is
diachronous between Arctic Alaska and the CordilleraMidcontinent. The amount of diachroneity cannot be judged
biostratigraphically because conodonts are less reliable than
the foraminifers in this part of the section and there are no
detailed successions of other fossil groups with which to
compare in the upper member of the Wahoo. For now, the
appearance of Pseudostaffella remains the most practical
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way to correlate the base of the Atokan between the two
regions.
In our sections, Plectostaffella appears in the upper
member of the Wahoo Limestone, followed 15 to 35 m
higher by the primitive fusulinids Pseudostaffella
(Pseudostaffella), Pseudostaffella (Semistaffella), and
Eoschubertella. The stratigraphic interval around the appearance of Pseudostaffella shows a pronounced increase
in Pseudoendothyra specimens and a diminution of
archaediscaceans. Armstrong and Mamet (1975) also noted
abundant Pseudoendothyra at approximately the same level
in eastern ANWR. At the top of this acme interval appear
beds composed almost exclusively of densely packed thalli
of the green alga Donezella (fig. 3; figs. 9:1, 3, 4). These
so-called bafflestones (Mamet and de Batz, 19B9), remnants of algal gardens, produce a lithology unique to the
open-platform environment of the uppermost Wahoo. Up
to that level, Donezella is a minor constituent in the upper
member. Gruzlovic (1991) documented the absence of
Donezella buildups within the Wahoo in the Plunge Creek
section, northern Franklin Mountains (fig. 1), due to its
more seaward position on the carbonate ramp.
In the ESM section, Pseudostaffella and Eoschubertella
first appear 101 and 105 m, respectively, above the base
of the upper member and with conodonts of the
Rhachistognathus minutus Fauna (fig. 5). We consider
Pseudostaffella a more reliable guide to the base of the
Atokan in northern Alaska than the first appearance of /.
incurvusl (a rare species in the eastern section) as proposed by Krumhardt and others (1996). The MorrowanAtokan boundary, therefore, lies 75 m below the first
diagnostic Atokan conodont and about halfway through the
upper member in the eastern section.
Pseudostaffella and Eoschubertella first appear at 71
m and 76 m, respectively, above the base of the upper
member in the western section, with conodonts of the
Idiognathodus Fauna. In this section, only the upper 17 m
of the Wahoo Limestone are Atokan.
No biostratigraphically significant calcareous microfossils were found between the entry of Pseudostaffella or
Eoschubertella and the top of the Wahoo Limestone in the
eastern and western sections that could be used for interregional correlation of that interval. The uppermost part of
the Wahoo, in the eastern Sadlerochit Mountains and in the
subsurface to the north, contains Osagia deposits
(Armstrong, 1972; Armstrong and Mamet, 1974; Mamet
and de Batz, 1989). These oncolitic, algal-foraminiferal
clasts are thought to indicate very shallow water, restricted
conditions. Their appearance near the top of the Wahoo in
the eastern section indicates a final regressive phase of
deposition; this phase may not have reached the western
section or, more likely, the Osagia beds were deposited in
the west but were later removed by erosion along the preEchooka Formation unconformity. Siliciclastic beds of
the Echooka Formation disconformably overlie the Wahoo.

In the WSM section, these beds contain a poor assemblage
of protonodosariid foraminifers (figs. 8:10, 11) that
merely indicate an undifferentiated Late PennsylvanianPermian age.
CONODONTS

The conodont zonation proposed by Lane and Straka
(1974) and later revised by Lane (1977) and Baesemann
and Lane (1985) for uppermost Mississippian and Pennsylvanian (Morrowan and lower Atokan) rocks in North
America is not applicable to the Lisburne Group of northeast Alaska because many index species are absent or appear earlier or later in northeast Alaska than in other areas
of North America. The latest Chesterian muricatus Zone
was defined by the first appearance of Rhachistognathus
muricatus below the occurrence of either Declinognathodus
noduliferus or R. primus (Lane and Straka, 1974; Baesemann
and Lane, 1985). Baesemann and Lane (1985) subdivided
the muricatus Zone into lower and upper subzones. The
lower subzone was defined by the range of the zonal indicator below the appearance of Adetognathus lautus and the
upper subzone by the overlapping ranges of R. muricatus
and A. lautus below the appearance of Declinognathodus
noduliferus or R. primus. In the Lisburne Group of northeast Alaska, R. muricatus consistently appears below A.
lautus (Krumhardt and others, 1996), but the stratigraphic
interval of the muricatus Zone appears to be remarkably
thick, reaching 250 m in the Romanzof Mountains
(Krumhardt and others, 1996, app. 1). Calcareous microfossils, however, suggest that the sequence of R. muricatus
followed by A. lautus in the western Sadlerochit Mountains
appears considerably earlier than in the western conterminous United States, and that R. muricatus ranges through
the Chesterian and possibly into the late Meramecian in
northeastern Alaska. Conodont faunas from the southern
Appalachian basin confirm the extended range of R.
muricatus at least through the Chesterian outside of Alaska
(Huggins, 1983; Hassler and Stock, 1993; U.S. Geological
Survey unpublished conodont collections). Consequently,
we use an informal lautus Fauna for the interval represented by the overlapping ranges of A. lautus and R.
muricatus below the range of Declinognathodus noduliferus
(fig. 5) and abandon the muricatus Zone in northeast Alaska.
The conodont Declinognathodus noduliferus (Ellison
and Graves) is more reliable than calcareous microfossils
for positioning the Mississippian-Pennsylvanian boundary
within the Lisburne Group. This boundary is defined by
the appearance of D. noduliferus subspp. in evolutionary
succession with its presumed precursor, Gnathodus girtyi
simplex Dunn. This succession is well developed in the
lower member of the Wahoo Limestone in the ESM section (Krumhardt and others, 1996). Above the level of the
noduliferus-primus Zone, conodont zonal indices are absent to extremely rare in the Lisburne of northeast Alaska.
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Consequently, we have used the informal faunal units of
Krumhardt and others (1996) for most of the Morrowan
and Atokan part of the Lisburne (fig. 5). The noduliferusprimus Zone extends to the first appearance of R. minutus,
the name-bearer of the minutus Fauna. A lower subdivision
of the minutus Fauna is recognized by the overlapping
ranges of R. minutus, R. muricatus, and R. websteri below
the first occurrence of Idiognathodus spp. (Krumhardt and
others, 1996), and the Idiognathodus Fauna extends to the
top of the Lisburne Group in northeast Alaska.
Krumhardt and others (1996) used the first appearance
of Idiognathodus incurvusl as a guide to the base of the
Atokan in the ESM section based on the work of Grayson
and others (1989) in the conterminous United States.
Idiognathodus incurvus is not a reliable indicator for the
base of the Atokan in northeastern Alaska because of its
rarity, and it is likely that its appearance in the eastern
section is probably well above its level of origination. Instead, we use the first appearance of the foraminifer
Pseudostaffella to approximate the Morrowan-Atokan
boundary.
MISSISSIPPIAN
(ALAPAH LIMESTONE AND PART OF THE LOWER MEMBER OF
THE WAHOO LIMESTONE)

Conodont species diversity and abundance is relatively
low throughout the Alapah Limestone in both eastern and
western Sadlerochit Mountains sections. Collections from
the lower part of the Alapah in the western section are
dominated by Cavusgnathus unicornis, Kladognathus sp.,
and Synclydognathus geminus, in order of decreasing abundance; gnathodids and rhachistognathids are rare. The conodont assemblages confirm the shallow-water, somewhat
restricted depositional setting determined from microlithofacies criteria. Collections from the middle and upper
parts of the Alapah contain chiefly C. unicornis,
Kladognathus sp., Hindeodus minutus, and Adetognathus
lautus, in order of decreasing abundance; gnathodids and
rhachistognathids remain rare.
Synclydognathus geminus with Cavusgnathus unicornis
place the lower 60 m of the Alapah Limestone in the western section in the late Meramecian to early Chesterian.
Calcareous microfossils (see above) suggest placement of
the lower 40 m in the Meramecian (fig. 3); Rhachistognathus
muricatus also occurs in the lower 40 m. Its presence in the
WSM section with Synclydognathus geminus and Gnathodus
texanus! and with calcareous microfossils of probable
Meramecian age extends its Mississippian range considerably downward in Alaska. It was previously thought to
appear in the latest Chesterian (Baesemann and Lane, 1985;
Krumhardt and others, 1996). The appearance of Adetognathus lautus, followed by Hindeodus minutus more than
halfway through the Alapah (fig. 4), suggests a late
Chesterian age for much of the formation.
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A comparison of the conodont biostratigraphy of the
Alapah Limestone in the eastern and western sections is
preliminary because only a few conodont samples were
taken from the formation in the eastern section. However,
in both sections the predominant conodont species include
Cavusgnathus unicornis, Adetognathus lautus, and
Kladognathus sp. Rhachistognathus muricatus and
Gnathodus girtyi girtyi are relatively rare and appear
stratigraphically low, near the Meramecian-Chesterian
boundary.
Conodont collections from the Mississippian part of
the lower member of the Wahoo Limestone in the WSM
section chiefly contain, in order of decreasing abundance,
Cavusgnathus unicornis, Kladognathus sp., Hindeodus
minutus, and Gnathodus girtyi subspp. Adetognathus tytthus
occurs in low numbers throughout the lower member (fig.
4). This species is known to range from the upper Chesterian
Kinkaid Limestone in the Illinois basin (Brown and others,
1990) into lowermost Morrowan strata in the northeast
Brooks Range (Krumhardt and others, 1996). Its occurrence with Mississippian forms such as C. unicornis or
Kladognathus sp. indicates a late (probably very late)
Chesterian age for the lower 50 m of the member in the
western section. Assemblages from the Mississippian part
of the lower member in the ESM section chiefly contain, in
order of decreasing abundance, Cavusgnathus unicornis,
Kladognathus sp., Gnathodus girtyi subspp., and Hindeodus
minutus. Adetognathus tytthus appears 22 m above the base
of the lower member (fig. 4). Lacking evidence to the contrary, it seems reasonable that the lower 22 m of the member are also late Chesterian in age. Although the predominant
conodonts in the Mississippian part of the lower member
are the same in both our sections, Gnathodus girtyi subspp.
is more abundant and Hindeodus minutus less abundant in
the eastern section. The presence of Lochriea commutata,
Gnathodus bilineatus, and greater numbers of Gnathodus
girtyi subspp. (fig. 4) in the eastern section compared with
the absence of L. commutata and G. bilineatus in the western section suggest that this part of the lower member
formed in slightly deeper water open-marine conditions in
the eastern section than in the western section.
PENNSYLVANIAN
(UPPER PART OF LOWER MEMBER AND UPPER MEMBER OF
WAHOO LIMESTONE)

Conodont collections from the Pennsylvanian part of
the lower member of the Wahoo Limestone in the ESM
section are dominated by Declinognathodus noduliferus
subspp., Adetognathus tytthus, and Rhachistognathus
muricatus, in order of decreasing abundance. In the WSM
section, this part of the lower member is only 4 m thick
(versus 14 m in the ESM section) and produces low numbers of primarily D. n. japonicus and R. muricatus; the
former marks the base of the Pennsylvanian in the eastern
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and western sections. Additionally, Gnathodus bilineatus
(possibly redeposited) and Hindeodus minutus occur in both
sections. Declinognathodus noduliferus inaequalis was
found only in the western section and may indicate that the
base of the Pennsylvanian formed in somewhat deeper water open-marine conditions in the western section than to
the east.
Conodonts are about twice as abundant in the upper
member of the Wahoo Limestone in the ESM section compared to the WSM section. As elsewhere in the northeast
Brooks Range, conodont zonal indices are absent to extremely rare in the upper member. Consequently, above the
level of the noduliferus-primus Zone, the informal faunal
units of Krumhardt and others (1996) are used (fig. 5).
Collections from the upper member of the Wahoo
Limestone in the western section primarily include
Rhachistognathus spp., Adetognathus lautus, and Declinognathodus noduliferus subspp., in order of decreasing abundance. The noduliferus-primus Zone extends to 17 m above
the base of the member. The top of the succeeding lower
minutus Fauna coincides with the last occurrence of R.
websteri at 39 m above the base of the upper member (fig.
4). The minutus Fauna persists for another 31 m, at which
level the first Idiognathodus appears, marking the base of
the Idiognathodus Fauna that continues to the top of the
formation (fig. 5).
Conodont assemblages from the upper member in the
eastern section contain, in order of decreasing abundance,
chiefly Rhachistognathus spp., Declinognathodus noduliferus subspp., Adetognathus lautus and, in its upper half,
Idiognathodus spp. The noduliferus-primus Zone is followed
by the minutus Fauna, which coincides with the beginning
of well-developed shoal-water facies. The Idiognathodus
Fauna characterizes the upper 85 m of the member (fig. 5).
In both study sections, deposition of the upper member
began during the noduliferus-primus Zone. The upper limit
of the succeeding minutus Fauna is at 107 m above the
base of the member in the eastern section compared to 70
m in the western section. The highest biostratigraphic interval in the Wahoo, the Idiognathodus Fauna, extends for
85 m in the eastern section in comparison to just 18 m in
the western section (fig. 5).
The predominant conodont species in the upper member are the same in both sections, except for Idiognathodus
spp. Gnathodus defectus, commonly reported in uppermost
Mississippian and lowermost Pennsylvanian rocks in the
conterminous western United States (Dunn, 1970; Morrow
and Webster, 1992), is rare and restricted to the lower
minutus Fauna in both sections (fig. 4). Other relatively
rare species are restricted to one or the other of the sections. Diplognathodust ellesmerensisl, Idiognathodus
incurvusl, and Idiognathoides sinuatus (1 to 3 specimens
each) were only noted in the eastern section. Declinognathodus noduliferus inaequalis (17 specimens distributed
in three collections; fig. 10:1), D. n. lateralis (5 specimens

in one collection; figs. 10:2, 3), and Idiognathoides pacificus
(4 specimens in one collection; figs. 10:4, 5) were only
found in the western section.
A 4-m interval containing common Declinognathodus
noduliferus inaequalis and rare D. n. lateralis begins 36 m
above the base of the upper member in the WSM section
(fig. 2B, samples 85C and 89C). Both conodont samples
were collected at the presumed top of parasequence
boundaries and are from superficially coated grainstone and
bryozoan-pelmatozoan-oolitic grainstone that lie below glauconitic bryozoan-pelmatozoan packstone-grainstone and
wackestone. We suspect that both samples include part of
the base (deepest water part) of the succeeding parasequence, and that D. n. inaequalis and D. n. lateralis were
derived from those levels. The morphology of these species suggests an open-marine, somewhat deeper water environment than the shoal-water environment represented
by oolitic grainstone. Higher in the section, a glauconitic,
bioturbated, bryozoan-pelmatozoan packstone from the
lower part of a parasequence produced the only specimens
of Idiognathoides pacificus (fig. 2B, sample 122C), a very
rare species in the Lisburne Group of the northeast Brooks
Range. We believe it too represents an open-marine, possibly deeper water depositional setting than is characteristic
of the Lisburne in the Sadlerochit Mountains. These data
suggest that at least some parts of the upper member in the
western section formed under deeper water conditions than
have yet been documented in the eastern section.
Conodonts are rare and poorly preserved in the overlying Echooka Formation. A collection at 1 m above the base
of the Echooka about 5 km east-southeast of the western
section (USGS collection 29874-PC; sample collected by
I.L. Tailleur, U.S. Geological Survey) produced two incomplete Mesogondolella Pa elements having the short vertical cusp and general posterior outline of Mesogondolella
phosphoriensis (Youngquist, Hawley and Miller) (Heinz
Kozur, oral commun., March 1996). Accordingly, this collection dates the base of the Echooka Formation as early
Late Permian (=Wordian or Capitanian) and, at this locality, establishes a hiatus of at least 40 million years separating the Lisburne Group and Echooka Formation.

CONCLUSIONS
Our investigations of the Lisburne Group in northeast
Alaska have shown that although the group is generally
fossiliferous, biostratigraphically reliable fossils are few for
other than local or regional correlation. Many species that
have been used for correlation in sub-Arctic North America
and Eurasia are either absent or appear earlier or later in
northeast Alaska.
The Alapah Limestone contains mainly low-diversity
microfossil assemblages of chiefly long-ranging species that
do not permit a refined biostratigraphy. Skippellal sp. and
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Koninckopora minutal help position the MeramecianChesterian boundary in the Sadlerochit Mountains sections.
Adetognathus lautus with Cavusgnqthus unicornis are diagnostic for the Chesterian, and C. unicornis with the
Biseriella parva group and joined later by the Globivalvulina
bulloides group indicate the middle to late Chesterian. The
overlying Wahoo Limestone consists of many vertically
stacked, lithologically similar parasequences that formed in
shallowing-upward cycles. Fossil assemblages in the Wahoo are somewhat more diverse and slightly more
biostratigraphically rewarding than those in the Alapah.
Cavusgnathus unicornis with Brenckleina rugosa and
Adetognathus tytthus likely indicate a very late Chesterian
age for the lower beds of the Wahoo. Higher in the formation, Declinognathodus noduliferus and Pseudostaffella spp.
or Eoschubertella spp. appear to be the most reliable fossils for local and regional correlation of the base of the
Morrowan and Atokan, respectively (figs. 3-5). Of secondary importance are Adetognathus tytthus and Brenckleina
rugosa that appear to be short ranging across the Mississippian-Pennsylvanian boundary.
Comparison of the lithostratigraphy and microfossil assemblages in the eastern and western Sadlerochit Mountains sections shows the following: (1) Deposition of the
Alapah Limestone began earlier and the entire formation
formed under more restricted conditions in the western section. (2) The Mississippian-Pennsylvanian boundary is at
approximately the same stratigraphic level, 50-56 m above
the base of the lower member of the Wahoo Limestone,
and is marked by a chert-rich interval in both sections. (3)
The Pennsylvanian part of the lower member and the entire
upper member are much thinner in the western section,
suggesting slower deposition and (or) more erosion along
intraformational unconformities and along the pre-Echooka
Formation unconformity in the west. Glauconite in the WSM
section may indicate slower deposition at that locality. Much
of the Atokan part of the Wahoo, including the Osagiarich beds that are so prevalent in the upper part of the
formation in the eastern Sadlerochit Mountains and the subsurface of northern ANWR, was likely eroded at the western section prior to deposition of the Echooka Formation.
The recognition of only 15 parasequences in the western
section in comparison with 24 in the eastern section also
supports greater erosion and (or) nondeposition in the west.
(4) The restriction of some cosmopolitan conodont species
and glauconite to the western section suggests that at least
part of the Wahoo was deposited in somewhat deeper
water and (or) more open-marine conditions in the western
section.
The difference in fossil ranges between the North Slope
and other areas make precise correlation of the Lisburne
Group difficult outside of northeastern Alaska. Nevertheless, the Lisburne microfossil succession is generally consistent along depositional strike across the eastern North
Slope from Prudhoe Bay through ANWR and can provide
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a fairly reliable scheme for local Mississippian-Pennsylvanian correlation.
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Lower Mississippian (Kinderhookian) Biostratigraphy and
Lithostratigraphy of the Western Endicott Mountains,
Brooks Range, Alaska
By Charles G. Mull, Anita G. Harris, and John L. Carter

ABSTRACT
Geologic mapping in the western Endicott Mountains
of the Brooks Range erogenic belt has delineated two distinctive facies of Lower Mississippian (Kinderhookian)
rocks in the Endicott Mountains allochthon that were juxtaposed by thrusting during the Early Cretaceous. A distinctive reddish-brown-weathering siltstone unit that is as
much as 215 m thick overlies the Upper Devonian to Lower
Mississippian(?) Kanayut Conglomerate in part of the western Endicott Mountains. This unit contrasts markedly with
the chiefly black Kayak Shale that typically overlies the
Kanayut in the Key Creek sequence of the Endicott Mountains allochthon elsewhere in the Endicott Mountains.
The distinctive siltstone unit is here named the Isikut
Member of the Kayak Shale and is one of the characteristic
features of a stratigraphic assemblage that is herein formally designated the Aniuk River sequence of the Endicott
Mountains allochthon and that contrasts markedly with the
Key Creek sequence. The Kanayut Conglomerate and
Noatak Sandstone that underlie the Isikut in the Aniuk River
sequence are less than 400 m thick and are much thinner
than the Kanayut and Noatak in other sequences of the
Endicott Mountains allochthon in the central and eastern
Endicott Mountains. Regional mapping shows that the Aniuk
River sequence is telescoped by thrusting over the Key
Creek sequence. In the Howard Pass quadrangle, the Aniuk
River sequence and the Isikut Member of the Kayak trend
about N. 70° W. and form the southern flank of the mountains from the vicinity of Howard Pass west to Feniak Lake.
West of the Ipnavik River, the Aniuk River sequence converges with the west-trending mountain front and forms
most of the high mountain peaks at the western end of the
Endicott Mountains. The structural juxtaposition of the
Aniuk River and Key Creek sequences is well exposed in
the Safari Creek window, where Mississippian to Lower
Cretaceous rocks of the Key Creek sequence underlie a
thrust fault at the base of the Kanayut Conglomerate and
Noatak Sandstone of the Aniuk River sequence. The Isikut
is particularly prominent on the northern side of the moun-

tains in the vicinity of Story Creek, where it hosts a zinclead-silver mineral occurrence that is marked by notable
vein-breccia surface mineralization.
Conodont and brachiopod faunas from the Isikut Member of the Kayak Shale and overlying Kinderhookian units
in the Aniuk River sequence are similar to but more
biostratigraphically diagnostic than faunas from Kinderhookian units in the Key Creek sequence. These faunas
indicate that the Isikut Member is at least partly coeval
with the lower part of the Kayak Shale elsewhere in the
western Endicott Mountains and with the lower part of the
Utokuk Formation of the Lisburne Group in the De Long
Mountains. The conodonts in the Isikut Member are more
abundant and diverse than in the Kayak Shale of the Key
Creek sequence, indicating that the Isikut shallow-water
environments provided a wider range of favorable habitats
for conodonts than did the muddier Kayak Shale.

INTRODUCTION
The discovery of a number of zinc-lead-silver occurrences in the central and western Brooks Range during the
exploration of the National Petroleum Reserve in Alaska
(NPRA) in the late 1970's (Theobald and Barton, 1978;
Jansons, 1982) resulted in the need for more detailed evaluation of the mineral potential of the area.
In the Endicott Mountains of the central Brooks Range
(fig. 1), the zinc-lead-silver mineral occurrences are numerous and are in Upper Devonian and Lower Mississippian rocks of the Endicott Group, which includes, in
ascending order, the Hunt Fork Shale, Noatak Sandstone,
Kanayut Conglomerate, and Kayak Shale (Tailleur and others, 1967). The most notable mineral occurrence, at Story
Creek near the western end of the Endicott Mountains, lies
near the top of the Endicott Group in a stratigraphic position that regionally is occupied by the Kayak Shale.
The Kayak Shale is a significant marker unit along a
strike length of over 700 km in the Brooks Range. Along
the northern flank of the Endicott Mountains, the Kayak
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Shale is present as a nearly continuous belt overlying the
Kanayut Conglomerate in lowland areas north of the mountain front, and it occurs in other discontinuous areas within
the mountains. It is overlain by various formations of the
Lisburne Group. The Kayak is also widespread in the Philip
Smith, Romanzof, and British Mountains of the northeastern Brooks Range in northeastern Alaska and the northern
Yukon Territory of Canada (fig. 1), where it overlies the
Kekiktuk Conglomerate, which is a basal Mississippian clastic unit that overlies a major regional angular unconformity.
The Kayak is also present in some of the allochthons in the
thrust belt and thus had a significant north-south extent
prior to structural telescoping that occurred during the
Brookian orogeny.
Throughout most of its outcrop belt, the Kayak Shale
characteristically consists of black shale containing yellowish-brown-weathering, bioclastic limestone beds in the
upper part and relatively thin siltstone and very fine grained
sandstone beds in the lower part. In the western Endicott
Mountains, the stratigraphic position of the Kayak Shale is
dominated by a conspicuous reddish-brown-weathering siltstone and sandstone unit (fig. 2) that is absent elsewhere in
the Endicott Mountains. This unit is of particular interest
because it hosts sphalerite-galena vein breccias in the Story
Creek area. Recognition of this distinctive mappable unit
may be a guide for future mineral exploration in the western Endicott Mountains.
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In order to delineate the stratigraphic and structural
controls on mineral occurrences in the area, detailed geologic mapping and stratigraphic studies of the western
Endicott Mountains were conducted by the Alaska Division of Geological and Geophysical Surveys (ADGGS)
during 1991-93 in collaboration with the U.S. Geological
Survey (USGS), in support of the U.S. Bureau of Mines
mineral evaluation of the area. Funding for the mapping
by the ADGGS was provided by the U.S. Bureau of Mines;
personnel from ADGGS, USGS, and University of Alaska
Fairbanks participated in the mapping and stratigraphic
studies.

PREVIOUS STUDIES
Studies in the western Endicott Mountains began dur.ing the exploration of Naval Petroleum Reserve #4 (NPR4) from 1946 to 1952. Reconnaissance traverses of the major
rivers were carried out by a number of USGS geologists
and resulted in several preliminary reports and maps in
which the regional stratigraphic framework was established.
Detailed mapping of the Etivluk River region north of the
area studied in detail in our report (Tailleur and others,
1966) documented the regional structural style and recognized juxtaposed allochthonous facies. Chapman and others (1964) published a generalized geologic map of the
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western Endicott Mountains and a description of its stratigraphy based on studies in the Killik-Etivluk region.
Renewed interest in the hydrocarbon potential of the
NPRA (formerly NPR-4), from 1977 to 1982, resulted in
additional regional studies of the stratigraphy and structure
of the central and western Brooks Range that included recognition of new stratigraphic units. These units included
the Kuna Formation, which overlies the Kayak Shale in the
western Endicott Mountains (Mull and others, 1982) and is
the host rock for the major zinc-lead ore deposit at Red
Dog in the western De Long Mountains. Recent geologic
maps of the Killik River quadrangle (Mull and others, 1996),
and the western Endicott Mountains in the Howard Pass
quadrangle (Mull and Werdon, 1994) incorporate much of
the modern nomenclature.
Using geochemical studies conducted by the USGS
(Theobald and Barton, 1978; Kelley and others, 1992; Kelley
and Mull, 1995), the U.S. Bureau of Mines (Jansons and
Baggs, 1980; Jansons and Parke, 1981; Jansons, 1982;
Meyer and Kurtak, 1992) and the USGS (Duttweiler, 1987)
identified a number of mineral occurrences in the western
Endicott Mountains. The zinc-lead-silver occurrence near
Story Creek was mapped and described by Ellersieck and
others (1982; U.S. Geological Survey, unpub. data).
Geochemical studies and evaluation of the mineral potential of the Killik River quadrangle by Kelley and Mull
(1995) discuss some of the geochemistry and stratigraphy
of the Kayak Shale in the area immediately east of the area
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of our present study. Detailed biostratigraphic and lithologic studies of the Lisburne Group in the Howard Pass
quadrangle and the western part of the Killik River quadrangle (Dumoulin and Harris, 1993; Dumoulin and others,
1993) were carried out as part of the USGS Alaska Mineral
Resource Assessment Program (AMRAP). Detailed study
of the geochemistry and genesis of several mineral deposits in the Kanayut Conglomerate and related rocks in the
area is in progress by Melanie B. Werdon as part of a
University of Alaska Fairbanks Ph.D. dissertation.

GEOLOGIC SETTING
The Endicott Mountains and the foothills of the central
Brooks Range thrust-and-fold belt are composed of a series
of allochthons that consist dominantly of sedimentary rocks
of Devonian to Early Cretaceous (Neocomian) age. Each
allochthon is characterized by a distinctive stratigraphic
assemblage that is of regional extent and contrasts markedly with the generally coeval stratigraphic assemblages of
adjacent allochthons (Mayfield and others, 1988; Mull and
others, 1996). The allochthons represent parts of formerly
continuous sedimentary basins that were juxtaposed by
multiple stages of north-vergent thrusting and folding during the Late Jurassic to Tertiary Brookian orogeny (Moore
and others, 1994).

M?Dk

Figure 2. View to west showing conspicuous reddish-brown-weathering siltstone and sandstone unit, Isikut Member of Kayak Shale,
at reference section in the Aniuk River area on the southern side of the western Endicott Mountains. Abbreviations: M?Dk, Kanayut
Conglomerate; Mki, Isikut Member of Kayak Shale; Mlrm, Rough Mountain Creek unit of Lisburne Group; Ps, Siksikpuk Formation.
Dashed line shows location of measured reference section.
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The northern part of the Endicott Mountains is underlain by the Endicott Mountains allochthon (Mull and others, 1987) 1 , the structurally lowest of the formally named
allochthons in the central Brooks Range (fig. 3A). This
allochthon contains an Upper Devonian to Lower Cretaceous sedimentary section that is probably as much as 4
km thick. In the northern Endicott Mountains, the allochthon
consists mostly of the Kanayut Conglomerate, Noatak Sandstone, and Hunt Fork Shale of the Endicott Group, which
were deposited chiefly in a deltaic setting during the Late
Devonian (Nilsen and Moore, 1984). These rocks form
mountains that range up to 2,500 m elevation in the east,
and decrease to about 1,500 m in the western Endicott
Mountains. During the Early Mississippian, this coarse clastic succession was succeeded by shallow-water marine, finegrained deposits of the Kayak Shale (Bowsher and Dutro,
1957), the uppermost unit in the Endicott Group. Overlying the Kayak is the Lisburne Group (Lower Mississippian
to Lower Pennsylvanian), which in the eastern Endicott
Mountains is characterized dominantly by thick platform
carbonate rocks (Armstrong and Mamet, 1978). This stratigraphic succession is referred to as the Killik River sequence of the Endicott Mountains allochthon (Mull and
Werdon, 1994; Mull and others, 1996). In the western
Endicott Mountains, the Kayak is overlain by black sooty
shale, carbonate, and chert of the Kuna Formation (Mull
and others, 1982), which is a basinal facies correlative with
the platform carbonate rocks of the Lisburne Group farther
east; this stratigraphic succession constitutes the Key Creek
sequence (Mayfield and others, 1988; fig. 3). The Permian
Siksikpuk Formation overlies the Carboniferous rocks of
both the Killik River and Key Creek sequences.
In most of its outcrop belt, the Kayak Shale characteristically consists of about 80 percent black shale containing
scattered reddish-brown-weathering concretions. Typically,
the upper part of the Kayak contains conspicuous, relatively thin beds of yellowish-brown-weathering, bioclastic
limestone; the basal part of the Kayak commonly contains
thin siltstone and very fine grained sandstone beds that
comprise less than 10 percent of the formation. The Kayak
is generally a recessive unit that, in many places, is nearly
buried by talus from the overlying, resistant Lisburne Group.
In areas where it is overlain by the nonresistant Kuna Formation, the Kayak forms broad partly vegetated slopes with
areas of weathered shale rubble; it is commonly well exposed only in stream cuts.
Because the Kayak Shale is an incompetent unit, it
frequently forms a zone of structural detachment. Consequently, many exposures of the formation are characterized
by intense folding so that its true stratigraphic thickness is

1 Also known as the Brooks Range allochthon in the DeLong Mountains
of the western Brooks Range (Martin, 1970; Mayfield and others, 1988;
Dumoulin and Harris, 1993; Dumoulin and others, 1993).

difficult to determine. Measurement of composite sections
is also difficult because of the lack of distinctive marker
beds, but the formation has an estimated thickness of as
much as 300 m (Mull and others, 1996).

ENDICOTT GROUP IN THE WESTERN
ENDICOTT MOUNTAINS
The Key Creek sequence constitutes about half of the
Endicott Mountains allochthon in the western Endicott
Mountains. Dominantly coarse-grained clastic rocks of the
Hunt Fork Shale, Noatak Sandstone, and Kanayut Conglomerate of the Endicott Group underlie most of the mountain areas, and are thought to range in age from Late
Devonian to Early Mississippian(?) at the top of the Kanayut
(Nilsen and Moore, 1984). The overlying Kayak Shale (uppermost formation of the Endicott Group) is exposed discontinuously along most of the northern front of the
mountains from the Killik River west to the upper headwaters of Tukuto Creek in the central part of the Howard
Pass quadrangle (fig. 3A). The Kayak Shale is also exposed
in structural windows at the head of Safari Creek and at the
headwaters of a tributary of the Aniuk River (fig. 3A). In
the scattered streamcut exposures in this area, the Kayak
consists dominantly of the characteristic black shale with
scattered bioclastic limestone beds. West of the Etivluk
River, volcaniclastic rocks are also present in this unit. In
most of the western Endicott Mountains, the Kayak is
stratigraphically overlain by a thin, light-gray, bioclastic
limestone unit informally named the Rough Mountain Creek
unit by Dumoulin and Harris (this volume), which separates the Kayak Shale from the Kuna Formation. The
lithostratigraphy and biostratigraphy of the Rough Mountain Creek unit are discussed in detail by Dumoulin and
Harris (this volume).
At Isikut Mountain east of Howard Pass, and elsewhere on the south side of the Endicott Mountains west of
Howard Pass, the Kanayut is overlain by a conspicuous
reddish-brown-weathering unit that consists chiefly of thinbedded siltstone and fine-grained sandstone that forms low
resistant rubble-covered cuestas, hogbacks, or ridges (fig.
2). The upper part of this unit is overlain by typical black
Kayak Shale; light-gray, bioclastic limestone of the Rough
Mountain Creek unit (Dumoulin and Harris, this volume);
and the Kuna Formation. The dominant lithology, topographic expression, and weathering character of this siltstone unit contrast markedly with the Kayak Shale elsewhere
in the Brooks Range. The unit is mapped westward from
Isikut Mountain along the southern flank of the western
Endicott Mountains to the headwaters of a northern tributary of the Aniuk River. It is also present along most of the
northern flank of the mountains from the Ipnavik River
west to the head of Makpik Creek, north of Feniak Lake
(fig. 3A; Mull and Werdon, 1994). It is particularly promi-
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nent in the Safari Creek-Story Creek area, where it underlies a broad plateau that forms the northern flank of the
mountains. Extrusive(?) volcanic rocks are also present
locally within this unit on the northern flank of the
mountains.
Mapping in the western Endicott Mountains indicates
that the siltstone unit and underlying rocks are part of a
stratigraphic sequence that forms extensive thrust sheets
within the Endicott Mountains allochthon. The combined
Kanayut Conglomerate and Noatak Sandstone in this stratigraphic sequence are <400 m thick and are notably finer
grained than the Kanayut Conglomerate and Noatak Sandstone in the eastern Endicott Mountains, which are > 1,500
m thick.
Because the distinctive siltstone unit, the Kanayut, and
the Noatak constitute a stratigraphic sequence that has identifiable features of regional extent in the western Endicott
Mountains, it is differentiated as the Aniuk River sequence
(Mull and Werdon, 1994) to distinguish it from the Key
Creek sequence, which contains the black shale that is
characteristic of the Kayak Shale elsewhere in the Endicott
Mountains allochthon. Regional mapping shows that the
thrust sheets containing the Aniuk River sequence trend
northwest from the upper Nigu River area and converge
with the west-trending mountain front in the vicinity of
the upper Ipnavik River. The thrust juxtaposition of the
contrasting facies of the Aniuk River and Key Creek sequences is particularly well exposed in the Safari Creek
window at the headwaters of Safari Creek and in the
headwaters of a northern fork of the Aniuk River (fig. 3A).
In some areas west of the headwaters of Safari Creek,
an area of interbedded black shale and siltstone appears to
be transitional between the two dominant facies and is
mapped as the Key Creek sequence. The Aniuk River
sequence trends southeast from the Howard Pass and western Killik River quadrangle, but its lateral extent into adjacent quadrangles is unknown. The lithostratigraphy and
biostratigraphy of the Kinderhookian strata that distinguish
the Key Creek and Aniuk River sequences are discussed
in detail below.

The Mississippian part of the Key Creek sequence in
the western Endicott Mountains includes, in ascending order, the uppermost Kanayut Conglomerate, Kayak Shale,
and the Rough Mountain Creek unit (Dumoulin and Harris,
this volume) and most of the Kuna Formation (fig. 4). Exposures of these rocks are generally poor, widely scattered,
and commonly structurally complicated. The Kayak consists of mainly black shale with interbedded limestone and
shale at the top and a relatively thin interval of sandstone
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and siltstone at the base termed the basal sandstone member of the Kayak by Bowsher and Dutro (1957). No stratigraphic sections of the Kayak Shale and the overlying Rough
Mountain Creek unit have been measured in the Key Creek
sequence; the thickness for the Kayak Shale shown in figure 4 is estimated. The general stratigraphic positions of
fossil collections shown on figure 4 were determined from
field relationships. The Mississippian part of the Key Creek
sequence in the western Endicott Mountains is overlain
by siliceous shale and chert of the Permian Siksikpuk
Formation.
Conodont and (or) brachiopod data for both the Kayak
Shale and overlying Rough Mountain Creek unit are given
in table 1, and the approximate locations of fossil collections are shown on figure 3fi. Harris and Carter analyzed
the conodonts and brachiopods, respectively. Additional
biostratigraphic data for the limestone and shale member
of the Kayak Shale and the Rough Mountain Creek unit are
given by Dumoulin and Harris (this volume). The sandstone member of the Kayak contains rare, poorly preserved
conodonts of probable Kinderhookian age. The succeeding
shale member is also poorly productive of conodonts, but
the presence of Pseudopolygnathus marginatus indicates a
Kinderhookian age. Conodonts are locally abundant in the
limestones of the overlying limestone and shale member of
the Kayak. Double-row bispathodids dominate the collections and suggest a relatively shallow-water depositional
environment (figs. 5C-G, K). Hindeodus crassidentatus in
the limestone and shale member of the Kayak and a poorly
preserved siphonodellid in the overlying Rough Mountain
Creek unit of the Lisburne Group restrict this part of the
sequence to the middle to late Kinderhookian (figs. 5A, I,
J). A brachiopod collection (table 1, loc. 93JS02C) from
the limestone and shale member, however, helps further
limit its age. This collection includes IPodtscheremia
albertensisl; spiriferids of this type have their lower limit
in the upper Kinderhookian. The Kayak specimens of ?P.
albertensis, however, are too poorly preserved to permit a
definitive taxonomic assignment. Consequently, the limestone and shale member of the Kayak and the overlying
Rough Mountain Creek unit are questionably assigned to
the late Kinderhookian.
The Kuna Formation overlies the Rough Mountain
Creek unit; its type section is in the Key Creek sequence,
at the headwaters of Safari Creek (fig. 3B). In this area,
according to Dumoulin and others (1994), conodonts in the
lower part of the Kuna are middle Osagean in age (Upper
typicus Subzone and lower part of the succeeding
anchoralis-latus Zone), and those from 6 m below the contact of the Kuna with the overlying Permian Siksikpuk Formation indicate a middle to late Osagean age. In the De
Long Mountains, however, strata assigned to the uppermost part of the Kuna contain radiolarians of Late Mississippian to early Middle Pennsylvanian age (Dumoulin and
others, 1993).
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KEY CREEK SEQUENCE
Limestone coquina-thin, reddish-brown coquina of the pelecypod
Buchia sublaevis (Valanginian)________________
JURASSIC
AND
TRIASSIC

Otuk Formation-thinly interbedded fossiliferous limestone, shale,
and chert (Middle Triassic to Lower Jurassic)
Siksikpuk Formation-Maroon, green, and gray siliceous shale and
chert (Lower to lower Upper Permian)

Kuna Formation-black, sooty shale, limestone, and chert (may
include strata of Late Mississippian to early Middle Pennsylvanian
age at top of formation; Dumoulin and others, 1993)
Rough Mountain Creek unit-light-gray, bioclastic limestone (upper?
Kinderhookian) (92Mu20, 93Mu47)
Limestone and shale member-thin beds of yellowish-brown-weathering
silty limestone and olack shale; commonly contains brachiopods of
late(?) Kinderhookian age (92Mu22, 93Mu48, 93Mu51, 91ADo70C,
91AD070E, 91JS36Z, 91JS37G, 93JS02C)

Shale member-black shale containing scattered silty beds and
thin silty limestone beds (Kinderhookian). Locally contains areas of
interbedded volcaniclastic rocks (92Mu11-5, 93Mu73, 93Mu75,
92AD0239B2, 93Ha107)

Sandstone member-interbedded thin siltstone, shale, and finegrained sandstone; locally contains light-gray, quartzitic sandstone
at base (Kinderhookian?) (92ADo248B, 92ADo316B)

Kanayut Conglomerate (upper part)~greenish-gray, fine- to mediumgrained quartzitic sandstone and minor conglomerate (mostly
Upper Devonian, upper part Lower Mississippian?)
Figure 4. Stratigraphy of the upper part of the Key Creek sequence of the Endicott Mountains allochthon in the western
Endicott Mountains, showing generalized lithologies and approximate locations of fossil collections from the Kayak Shale
and Rough Mountain Creek unit of the Lisburne Group.

93Mu47
(333 19- PC),
B-l,
68°18'537
156°12'09"

LOG. NO.
(USGS COLLN.
NO.), QUAD.,
LAT. N./
LONG. W.
92Mu20
(322 14- PC),
B-2,
68°22'36'7
157°08'39"

Tan-weathering,
medium-gray, crinoidal
packstone-wackestone.
6.6kg

Yellowish-brownweathering, silty
limestone.
5.3kg

Yellow-brownweathering, silty
limestone.
3.9kg

92Mu22
(32210-PC),
B-3,
68°21'46'7
157°37'H"

93Mu48
(322 11 -PC),
B-2,
68020'25'7
156°39'14"

Tan-weathering, darkgray, fine-grained sandy
limestone containing
skeletal debris.
7.6kg

Light-gray-weatheri ng,
black, partly sooty
limestone.
5.8kg

Light-gray crinoidal
limestone interbedded
with black chert and
sooty shale.
6.2kg

LITHOLOGY AND
SAMPLE WEIGHT

91JS37G
(31755-PC),
B-4,
68° 17.77
157°58.5'

KEY CREEK: 91JS36Z
Kayak Shale- (31754-PC),
limestone and B-4,
shale member 68°197
158°04.5'

SEQUENCE
AND
STRATIGRAPHIC
UNIT
KEY CREEK:
Rough
Mountain
Creek unit of
Lisburne
Group

7 indet. bar, blade, and platform fragments

B. aculeatus plumulus (A)
B. ac. plumulus, nodosus morphotype (R)
B. aculeatus (C)
B. aff. B. stabilis (Branson and Mehl) (R)
Po. cotnmunis communis Branson and Mehl
(R)

B. aculeatus plumulus (C)
H. aff. H. crassidentatus (Branson and Mehl)
(R)*

Po. inomatus E.R. Branson (R)

B. aculeatus (Branson and Mehl) (R)
Ps. aff. Ps. marginatus (Branson and Mehl)
(C)
Pseudopolygnathus sp. indet. (R)
Siphonodella sp. indet. of middle to late
Kinderhookian morphotype (R)*
Conodonts:
B. aculeatus plumulus (Rhodes, Austin, and
Druce) (A)
B. ac. plumulus, nodosus morphotype (R)
Ps. sp. indet. (R)

CONODONTS AND (OR) BRACHIOPODS

Kinderhookian
3-3.5

Indeterminate (too few
conodonts); postmortem
transport from normal-marine
environment.

Indeterminate.

Post-Ordovician
Paleozoic
3.5

Kinderhookian
3.5

middle to late
Kinderhookian
3.5-4

Kinderhookian
3

Bispathodid biofacies;
relatively shallow and
moderately high energy
normal-marine depositional
environment.

Indeterminate (too few
conodonts); postmortem
transport from bispathodid
biofacies, from a relatively
shallow water normal-marine
environment.
Postmortem winnow within
bispathodid biofacies;
relatively shallow water,
normal-marine depositional
environment.

middle to late
Kinderhookian
3-3.5

AGE AND CAI

Indeterminate (too few
conodonts); postmortem
transport from or within
relatively shallow to middle
shelf, normal-marine
depositional environment.

CONODONT BIOFACIES

East side of Etivluk River; SW1/4
sec. 7, T. 34 N., R. 10 E.

Upper Memorial Creek; SW1/4
NW1/4 sec. 30, T. 12 S., R. 24 W.
Grades into underlying shale
member of Kayak Shale; very
near contact of Kayak Shale with
Rough Mountain Creek unit.

Upper Tukuto Creek, NE1/4
NW1/4 sec. 19, T. 12 S., R. 22 W.
Appears to overlie a long,
probably structurally complicated
section of Kayak Shale which, in
turn, overlies and is interbedded
with volcanic rocks.
Divide between Nigu and Etivluk
Rivers; NE1/4 sec. 15, T. 34 N.,
R. 10 E.
Relatively thin limestone interval
overlies long section of redbrown-weathering silty shale that
appears transitional between Isikut
Member of Kayak Shale and
typical Kayak.
Upper Aniuk River area; NE1/4
sec. 25, T. 34 N., R. 3 E.
Limestone overlies(?) about 10 m
of volcaniclastic rocks and
underlies spiculitic chert
interpreted as Kuna Formation.
Upper Aniuk River area.
Limestone overlies black silty
argillite containing 50% silt/sand
flasers and laminae and some
climbing ripples.

REMARKS

[Letters in locality number refer to collector: ADo, J.H. Dover; Ha, E. Harris; JS, J.M. Schmidt; Mu, C.G. Mull; and TM, T.E. Moore. Lithologies are field descriptions. Abbreviations for conodont genera:
B., Bispathodus; H., Hindeodus; Pat., Patrognathus; Po., Polygnathus; Ps. Pseudopolygnathus; S., Siphonodella. R, rare (<5 specimens); C, common (5-20 specimens); A, abundant (21-100 specimens), VA,
very abundant (>100 specimens); *, biostratigraphically important taxon. CAI, color alteration index. Location of samples shown on fig. 3B]

Table 1. Paleontologic data for the Kayak Shale (Endicott Group) and overlying Rough Mountain Creek unit (Lisburne Group), western Endicott Mountains, Howard Pass quadrangle
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Gray crinoidal limestone.
7.6kg

Light-gray, crinoidal
limestone.
9.1kg

Light-gray, crinoidal,
' cherry limestone in 3-mthick interval with two
thin chert beds.
6.1kg

92Mul2-2
(32206-PC),
A-2,
68°13'317
I57°01'58"

93Mu63-l
(32202-PC),
B-3,
68° 15'437
157°20'11"

Coarse-grained
limestone.
6.7kg

2.5-ft bed of orangeweathering, fossiliferous
(chiefly crinoidal) limy
sandstone.
9.0kg
Gray, crinoidal limestone.
4.4kg

Orange-weathering,
sandy limestone
containing brachiopods.
5.4kg

LITHOLOGY AND
SAMPLE WEIGHT

92MulO-2
(32205-PC),
A-2,
68°06'59'7
156°47'28"

SEQUENCE
LOG. NO.
(USGS COLLN.
AND
STRATINO.), QUAD.,
LAT. N./
GRAPHIC
LONG. W.
UNIT
KEY CREEK: 92ADo248B
Kayak Shale-- (32207-PC),
B-4,
sandstone
68°20'2ry
member
157°52'58"
92ADo316B
(32208-PC),
B-4,
68°20'13'7
157°52'06"
ANIUK
92Mu5-l
RIVER:
(31779-PC),
Rough
A-2,
68°10'48"/
Mountain
156°39'54"
Creek unit of
Lisburne
92Mu5-2
Group
(32204-PC),
A-2,
68°10'317
156°39'54"

Table 1. Continued.

B. aculeatus plumulus (A)
B. ac. plumulus, nodosus morphotype (R)
Ps.sp.. indet. (R)

B. aculeatus plumulus (R)
B. aculeatus (C)
B. aff. B. stabilis (R)
Ps. marginatus (R)

B. aculeatus plumulus (R)
B. ac. plumulus, nodosus morphotype (R)
B. aculeatus (R)
B. stabilis (R)
Po. communis communis (A)
Ps. marginatus (C)
Po. sp. indet. and Ps. sp. indet. (A)
S. crenulata (Cooper) (R)*
5. sp. indet. (R)

B. aculeatus plumulus (C)
B. aculeatus (R)
B. stabilis ? (R)
H. crassidentatus (C)*
Po. communis communis (R)
Ps. sp. indet. (R)

Conodonts:
B. aculeatus plumulus (R)
Po. communis communis (R)
Po. inornatus (R)
5. sp. indet. of post-5. sulcata morphotype
(R)*

Pseudopolygnathus sp. indet. (R)

B. aff. B. aculeatus (R)

CONODONTS AND (OR) BRACHIOPODS

middle to late
Kinderhookian
3.5

Lower 5. crenulata
Zone into Upper 5.
crenulata-S.
isosticha Zone
(=upper 1/3 of
Kinderhookian but
not very latest
Kinderhookian)
3.5-4
Kinderhookian
3.5

Kinderhookian
3.5

Polygnathidpseudopolygnathid biofacies:
normal-marine, middle-shelf
to slope depositional
environment.

Indeterminate (too few
conodonts); normal-marine,
shallow- to middle-shelf
depositional environment.
Bispathodid biofacies; normalmarine, relatively high-energy
depositional environment.

late Famennian to
Kinderhookian,
probably
Kinderhookian
3or4
late Famennian to
Kinderhookian,
probably
Kinderhookian
3 or 4
middle to late
Kinderhookian
4

AGE AND CAI

Bispathodid-hindeodid;
normal-marine, shallow- to
middle-shelf depositional
environment.

Indeterminate (too few
conodonts). Normal-marine,
middle-shelf or deeper water
depositional environment.

Indeterminate (too few
conodonts).

Indeterminate (too few
conodonts).

CONODONT BIOFACIES

Northern tributary of Fauna Creek;
center sec. 18, T. 33 N.,
R. 7E.

Howard Pass area; SE1/4 SW1/4
sec. 21,T. 33 N., R. 8 E.

Rough Mountain Creek;
W1/2SW1/4 sec. 34, T. 32. N.,
R.9E.

Isikut Mountain area;
NW1/4NE1/4 sec. 7, T. 32 N.,
R. 10 E.
Overturned sequence of Rough
Mountain Creek unit and Kuna
Formation.
Isikut Mountain area.
92Mu5-2 is in thrust sheet that
structurally overlies 92Mu5-l.

Same locale as 92ADo248B and
probably stratigraphically lower.

Headwaters of Aniuk River;
NE1/4 sec. 23, T. 34 N., R. 4 W.

REMARKS
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SEQUENCE
AND
STRATIGRAPHIC
UNIT
ANIUK
RIVER:
Kayak Shale-Isikut Member

Red-brown-weathering,
thin-bedded, partly
crinoidal, silty limestone.
4.1kg

Reddish-brownweathering limestone
containing crinoids and
brachiopods.
Fine-grained, micaceous
sandstone and siltstone
with thin limestone
containing fossil hash.
Orange-weathering, silty
limestone within siltstone.
4.3kg

93Hal09,
B-3,
68°19'30'7
157°13'11"
93HallO,
B-3,
68°20'39'7
1570 H'09"
93Hal36
(32194-PC),
B-3,
68° 15*207
157°20'09"

Fine-grained sandstone to
siltstone (>5 ft. thick)
containing slightly
calcareous and pyritic
layers with crinoid
columnals.
5kg
Reddish-brownweathering, limy siltstone
containing scattered small
crinoid columnals.
6.0kg
Reddish-brown, very
silty, thin-bedded
limestone interbedded
with siltstone; ~50 m
above contact with
Kanayut Conglomerate.
6.5kg

LITHOLOGY AND
SAMPLE WEIGHT

93Mu78-l,
B-4,
68021'407
158°04'48"

93Mu65
(32192-PC),
A-3
68°12'06'7
157°41'29"

92Mu26,
B-4,
68°24.9/
157°51.3'

LOC. NO.
(USGS COLLN.
NO.), QUAD.,
LAT. NY
LONG. W.
84Sta04
(29639-PC),
B-4,
68°23.07
157°55.8'

Table 1. Continued.

Ps. aff. Ps. nodomarginatus (R)
B, ac. plumulus, nodosus morphotype (R)
B. aff. B. ac. plumulus (R)
H. crassidentatus (R)*
Po. communis (R)
Brachiopods:
Punctospirifer sp.
Indet. rhynchonellid
Indet. terebratulid

Brachiopods:
Calvustrigis rutherfordi (Warren)*

BARREN
Brachiopods:
Calvustrigis rutherfordi (Warren)*
Coledium sp.
Schellwienella sp.
Trigonoglossa sp.
Indet. small chonetid
Brachiopods:
Calvustrigis rutherfordi (Warren)*

Po. communis (R)
Brachiopods:
Composita immatura (Girty)
Ovatia sp.
Punctospirifer sp.
ISpinocarinifera sp.
Syringothyris sp.
Indet. orthotetid

BARREN

B. aculeatus aculeatus (C)
B. ac. plumulus, nodosus morphotype (R)
H.? sp. indet. (R)
Po. communis (A)

CONODONTS AND (OR) BRACHIOPODS

AGE AND CAI

Indeterminate (too few
conodonts); probably shallowto middle-shelf, normalmarine depositional
environment.

Indeterminate (too few
conodonts).

Conodonts indicate
middle to late
Kinderhookian;
brachiopods
indicate
Carboniferous
3.5-4

late Kinderhookian
(Calvustrigis
rutherfordi Zone)

Conodonts indicate
Famennian through
Kinderhookian;
brachiopods
indicate Early
Carboniferous,
probably
Kinderhookian
-3.5
late Kinderhookian
(Calvustrigis
rutherfordi Zone)

Postmortem transport within or middle to late
Kinderhookian
from the polygnathid
biofacies; normal-marine,
3.5
shallow- to middle-shelf
depositional environment.

CONODONT BIOFACIES

North tributary of Fauna Creek;
center sec. 18, T. 33 N., R. 7 E.

Indeterminate internal molds of
snails and bivalves also noted.

Upper Tukuto Creek area.

Story Creek area; Sl/2 sec. 30,
T. 12 S., R. 26 W.

Aniuk River reference section,
about 157 m above base; SW1/4
sec. 34, T. 33 N., R. 3 E.

From ridge crest -1 km east of
west fork of Safari Creek; NW1/4
sec. 19, T. 12 S., R. 25 W.

Story Creek Zn-Pb prospect; sec.
23, T. 12 S., R. 26 W.
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Orange- to red-brownweathering, sideritic,
fossiliferous limestone
containing bryozoans,
brachiopods, and crinoid
ossicles.
4.2kg
Red-weathering, sideritic
limestone containing
fossil hash of crinoid
ossicles and brachiopods
that forms layers 5-50
mm thick within siltstone.
4.5kg

93JS03B,
B-3,
68°20.33Y
157°13.5'

93JS03E,
B-3,
68°20.57
157° 13'

Reddish-brownweathering, silty
limestone.

Reddish-brownweathering, silty
limestone.
5.5kg

LITHOLOGY AND
SAMPLE WEIGHT

93TM37E,
A-3,
68°12'06'7
157041'29"

SEQUENCE
LOG. NO.
AND
(USGS COLLN.
STRATINO.), QUAD.,
GRAPHIC
LAT. N./
UNIT
LONG. W.
ANIUK
93TM35C
RIVER:
(32197-PC),
Kayak Shale-- A-2,
Isikut
68° 10*557
156°38'05"
Member

Table 1. Continued.

1 M element of Late Devonian-Mississippian
morphotype

BARREN

B. aculeatus aculeatus (A)
B. ac. plumulus (R)
B. ac. aculeatus, nodosus morphotype (R)
B. ac. subsp. indet. (C)
Pat. variabilis (R)
Po. communis communis (A)
Ps. cf. Ps. multistriatus (R)
Brachiopods:
Indet. orthotetid
Brachiopods:
Actinoconchus n. sp.
Macropotamorhynchus sp.
Punctospirifer sp.
ISpinocarinifera sp.
Indet. spiriferid

CONODONTS AND (OR) BRACHIOPODS

AGE AND CAI

Indeterminate: all other
conodonts from this sample
are indeterminate,
nonabraded, fractured
fragments that suggest a highenergy depositional
environment and rather rapid
burial.

Late DevonianMississippian
4

Kinderhookian to
Osagean

Postmortem transport from or Conodonts indicate
within the bispathodid
Kinderhookian
biofacies. Shallow- water,
4
normal-marine, relatively high
energy depositional
environment. All conodonts
are incomplete.

CONODONT BIOFACIES

Upper Tukuto Creek area; sec. 15,
T. 34 N., R. 7 E.

Aniuk River reference section;
float about 125 m above base of
section.

Isikut Mountain type section, 21m
above base. Sample represents
tempestitelike deposits; center
boundary between sees. 5 and 8,
T. 32N.,R. 10E.

REMARKS
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KINDERHOOKIAN STRATA OF THE
ANIUK RIVER SEQUENCE
The base of the Kayak Shale in the Aniuk River sequence is a reddish-brown-weathering siltstone and finegrained sandstone unit that contains scattered thin, silty,
fossiliferous limestone beds and occupies the stratigraphic
position of part of the Kayak Shale. These strata contain
sedimentary features that are characteristic of shallowwater depositional environments (including ripple marks
and small-scale cross-laminations) and form a distinctive
mappable unit in the western end of the Endicott Mountains that contrasts markedly with the characteristic Kayak
Shale in the Key Creek sequence of the Endicott Mountains allochthon (compare figs. 4 and 6). This unit is here
named the Isikut Member of the Kayak Shale. Relatively
continuous sections of the Isikut were measured by T.E.
Moore, K.E. Adams, and R.K. Crowder on the south side
of Isikut Mountain (field nos. in the series 93TM35, lat
68°10' 55" N., long 156°38' 05" W.), which we define as
the type locality of the Isikut, and on the east side of the
upper Aniuk River (field nos. in the series 93TM37, lat
68°12' 06" N., long 157°41' 29" W.), which we define as a
reference section (fig. 2). The Isikut Member grades upward into black shale, typical of the Kayak, which contains
a few bioclastic limestone beds at the top. The Kayak is
overlain by the Rough Mountain Creek unit of the Lisburne
Group followed by the Kuna Formation, as in the Key
Creek sequence. This succession is capped by greenishgray, siliceous shale and chert of the Permian Siksikpuk
Formation (fig. 6).
Conodonts from many localities in the Isikut Member
of the Kayak Shale through the Rough Mountain Creek
unit of the Lisburne Group are chiefly middle to late
Kinderhookian in age (table 1). One collection from the
Rough Mountain Creek unit (table 1, loc. 92MulO-2) contains Siphonodella crenulata (Cooper) (fig. 5L). This species indicates a late but not latest Kinderhookian age and
demonstrates that the Kayak and at least part of the Rough
Mountain Creek do not extend to the top of the isostichaUpper crenulata Zone (the highest Kinderhookian conodont
zone). Brachiopods from the Isikut and higher parts of the
Kayak, however, restrict the age of at least the upper part
of the Isikut Member, and all units in the sequence below
the Kuna Formation, to the late Kinderhookian. Three brachiopod collections from the Isikut, none from measured
sections, indicate the Calvustrigis rutherfordi Zone and include the zonal name bearer (table 1, Iocs. 93Mu78-l,
93Hal09, and 93HallO; figs. 7s-v). Until now, C.
rutherfordi (Warren) has only been reported from the
"middle" member of the Banff Formation and its equivalents in westernmost Alberta, Canada (Carter, 1987), where
the interval of the C. rutherfordi Zone yields conodonts of
the late Kinderhookian isosticha-Upper crenulata Zone (Savoy and Harris, 1993; L.E. Savoy and A.G. Harris, unpub.

USGS conodont collections). Another brachiopod assemblage from the overlying limestone and shale member of
the Kayak also indicates the C. rutherfordi Zone (table 1,
loc. 93Mu63). Although C. rutherfordi is not present in this
collection, other species restricted to the zone do occur,
including Piloricilla desmetensis Carter, Pustula
morrocreekensis Carter, and Seminucella parva Carter (figs.
7c-h, m-r).
The Isikut Member contains many of the same conodonts that occur in other parts of the Kayak, with some
exceptions. Patrognathus variabilis, a species characteristic of very shallow water, generally high energy environ^
ments such as oolite shoals (Austin, 1976), is rare to very
abundant in four collections from the Isikut, two from its
type area (figs. 5Y-AA).
Conodont and brachiopod faunas from the Isikut Member of the Kayak Shale and overlying Kinderhookian units
in the Aniuk River sequence are similar to but more
biostratigraphically diagnostic than faunas from Kinderhookian units in the Key Creek sequence. The Isikut
faunas indicate that the member is at least partly coeval
with the Kayak Shale elsewhere in the western Endicott
Mountains.
Conodonts are more abundant and assemblages are considerably more diverse in the Isikut Member of the Kayak
Shale than in the correlative sandstone and succeeding shale
members of the Kayak in the Key Creek sequence. This
observation suggests that a wider range of favorable environments were present during the Kinderhookian in the
depositional area of the Isikut. The Isikut probably formed
chiefly in shallow-water environments that were less muddy
than correlative Kayak depositional sites in the Key Creek
sequence. Although biostratigraphically diagnostic brachiopods are present in the Isikut in the Aniuk sequence, none
were identified in fossil collections from the lower part of
the Kayak in the Key Creek sequence.
The limestone and shale member of the Kayak yields
the same conodont species assemblage in both the Key
Creek and Aniuk River sequences, although conodonts are
more abundant in the Aniuk River sequence. Brachiopod
collections indicate a late Kinderhookian age for the member in both sequences (table 1, samples 93JS02C and
93Mu63). Brachiopods were not collected from the overlying Rough Mountain Creek unit in either sequence, but
conodonts are more abundant and diverse in the Aniuk
River sequence than in the Key Creek sequence, suggesting that the unit formed in a more hospitable, possibly
slightly deeper shelf setting in the Aniuk River sequence.

DISCUSSION
Two contrasting stratigraphic sequences, the Key Creek
and Aniuk River sequences, are structurally juxtaposed in
the western Endicott Mountains. The Aniuk River sequence
is characterized by the Kinderhookian Isikut Member of

LOWER MISSISSIPPIAN (KINDERHOOKIAN) BIOSTRATIGRAPHY AND LITHOSTRATIGRAPHY

the Kayak Shale, which consists of distinctive reddishbrown-weathering siltstone that contrasts markedly with the
characteristic black shale of the Kayak in the Key Creek
sequence. Conodont faunas from both the Kayak Shale of
the Key Creek sequence and the Isikut Member of the Kayak
Shale of the Aniuk River sequence are middle to late
Kinderhookian in age. Three brachiopod collections from
the Isikut, however, indicate that at least part of the Isikut
Member is late Kinderhookian in age. These data suggest
that the Isikut may be coeval with much of the Kayak in
the Key Creek sequence. In addition, the Isikut is lithologically similar to and at least partly coeval with the lower
part of the Utukok Formation of the Lisburne Group in
other sequences and allochthons in the De Long Mountains
and Maiyumerak Mountains (for example, Sable and Dutro,
1961; Dutro, 1987; Dumoulin and Harris, 1992 and this
volume). Poorly exposed rocks similar to the Isikut are
also reported in the Endicott Mountains allochthon in the
western Brooks Range south of Red Dog mine (Inyo
Ellersieck, oral commun., 1996).
Numerous small zinc-lead mineral occurrences in the
Endicott Group are present in both the upper part of the
Kanayut Conglomerate and in the overlying Kayak Shale
in the western Endicott Mountains. The most significant
mineral occurrence in the Endicott Group consists of
sphalerite and galena in vein breccias in the Isikut Member
of the Kayak near Story Creek, where the Isikut is late
Kinderhookian in age (table 1, loc. 93Mu78-l).
In addition to the occurrence of the Isikut Member of
the Kayak Shale, the Aniuk River sequence is also characterized by a relatively thin section (<400 m) of the Kanayut
Conglomerate and Noatak Sandstone of the Endicott Group.
This thin section of Endicott Group clastic rocks contrasts
markedly with the much thicker and coarser grained sections of Kanayut and Noatak in the Killik River sequence
of the Endicott Mountains allochthon in the eastern Endicott
Mountains, which are more than 3,000 m thick (Nilsen and
Moore, 1984). The thrust juxtaposition of these contrasting
facies is indicative of significant shortening within the
Endicott Mountains allochthon.
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Although no complete sections of the Kanayut
Conglomerate and Noatak Sandstone in the Key Creek sequence of the Endicott Mountains allochthon have been
measured, reconnaissance mapping and scattered stratigraphic studies suggest that the Endicott Group in the Key
Creek sequence in the western Endicott Mountains is thicker
than in the Aniuk River sequence but significantly thinner
than in the Killik River sequence to the east. The comparatively thin Kanayut and Noatak section in the Aniuk River
sequence suggests that it was deposited in a relatively
distal part of the Endicott Group deltaic wedge, in contrast
to the more proximal setting characteristic of the Kanayut
in its type area to the east. The prominent siltstone and
sandstone facies of the overlying Isikut Member of the
Kayak Shale in the Aniuk River sequence, however, is
anomalous in this scenario because it contrasts with the
dominantly shalier facies of the Kayak to the east and appears to have been deposited in a relatively proximal setting. The implications of the Isikut Member for modeling
Late Devonian and Early Mississippian deposition and tectonics in the western Endicott Mountains have yet to be
assessed.
Acknowledgments. Several geologists from both the
U.S. Geological Survey and the Alaska Division of
Geological and Geophysical Surveys made significant
contributions to this study. R.R. Reifenstuhl, E.E.
Harris, T.E. Moore, J.H. Dover, and J.M Schmidt participated in the l:63,360-scale mapping that delineated the
distribution of the Isikut Member of the Kayak Shale
and collected macrofossil and (or) conodont samples;
Moore, K.E. Adams, and R.K. Crowder measured and
described sections of the Isikut and underlying Kanayut
Conglomerate and Noatak Sandstone; J.A. Dumoulin provided stratigraphic data for the limestone and shale
member of the Kayak and the overlying Rough Mountain
Creek unit. Some of the mapping would not have been
completed without the contribution of Ken Butters of
TransAlaska Helicopters, who was invariably a congenial
and helpful field chauffeur in spite of sometimes difficult
weather.

238

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

LOWER MISSISSIPPIAN (KINDERHOOKIAN) BIOSTRATIGRAPHY AND LITHOSTRATIGRAPHY
Figure 5. Kinderhookian conodonts from the Key Creek and
Aniuk River sequences of the Endicott Mountains allochthon,
western Endicott Mountains (scanning electron micrographs; all
specimens Pa elements except as noted; illustrated specimens are
repbsited in the U.S. National Museum (USNM), Washington,
D.C.). See figure 3B for location of collection and table 1 for
faunal assemblage, biofacies, and lithostratigraphic data and USGS
collection numbers.
A-K, Key Creek sequence.
A, B, Upper views, Rough Mountain Creek unit of Lisburne
Group.
A, Siphonodella sp. indet. of middle to late Kinderhookian
morphotype, xlOO, USNM 489646, loc. 92Mu20.
B, Bispathodus aculeatus plumulus (Rhodes, Austin, and
Druce), nodosus morphotype, x50, USNM 489647, loc.
93Mu47.
C-K, Limestone and shale member of Kayak Shale.
C, D, K, Bispathodus aculeatus plumulus (Rhodes, Austin,
and Druce).
C, D, Upper and lower views, x40 and x75, USNM
489648, 49, Iocs. 93Mu51 and 92Mu22.
K, M element, lateral view, x50, USNM 489656, same
loc. as D.
E-G, Bispathodus aculeatus plumulus (Rhodes, Austin, and
Druce), nodosus morphotype.
E, Upper view, x50, USNM 489650, same loc. as D.
F, Upper view, x30, USNM 489651, loc. 91ADo70E.
G, Inner lateral view, x40, USNM 489652, same loc. as
C.
H, Bispathodus stabilis (Branson and Mehl), outer lateral
view, x40, USNM 489653, loc. 91ADo70C.
I, J, Hindeodus crassidentatus (Branson and Mehl), Pa and
Pb elements, lateral views, x40, USNM 489654, 55,
same loc. as F.
L-AA, Aniuk River sequence.
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L-Q, Rough Mountain Creek unit of Lisburne Group.
L, Siphonodella crenulata (Cooper), upper view, x50,
USNM 489657, loc. 92MulO-2.
M, Siphonodella sp. indet. of post-5. sulcata morphotype,
juvenile element, upper view, xlOO, USNM 489658,
loc. 92Mu5-l.
N, Polygnathus communis Branson and Mehl, Pa element,
upper view, x50, USNM 489659, loc. 92Mu65-l.
O, Bispathodus aculeatus plumulus (Rhodes, Austin, and
Druce), outer lateral view, x50, USNM 489660, loc.
92Mu5-2.
P, Bispathodus stabilis (Branson and Mehl)?, inner lateral
view, x75, USNM 489661, same loc. as O.
Q, Hindeodus crassidentatus (Branson and Mehl), Sa
element, posterior view, xlOO, USNM 489662, same
loc. as O.
R, S, Limestone and shale member of Kayak Shale, loc.
92MulO-3.
R, Hindeodus crassidentatus (Branson and Mehl), outer
lateral view, x50, USNM 489663.
S, Polygnathus inornatus E.R. Branson, upper view, x50,
USNM 489664.
T, U, Shale member of Kayak Shale.
T, U, Pseudopolygnathus orthoconstrictus (Thomas), upper
and lower views, x50, USNM 489665,66, loc. 92TM37K.
V-AA, Isikut Member of Kayak Shale.
V, Polygnathus communis Branson and Mehl, upper view,

x40, USNM 489667, loc. 84Sta04.
W-AA, loc. 92TM17A
Bispathodus aculeatus anteposicornis (Scott), upper
view, x40, USNM 489668.
X, Bispathodus aculeatus aculeatus (Branson and Mehl),
outer lateral view, x40, USNM 489669.
Y-AA, Patrognathus variabilis Rhodes, Austin, and
Druce, lateral, upper, and lower views of three
specimens, x50, USNM 48970-72.
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ANIUK RIVER SEQUENCE
scale)

Limestone coquina--thin, reddish-brown coquina of the pelecypod
Buchia sublaevis (Valanginian)
Otuk Formation-thinly interbedded fossiliferous limestone, shale,
and chert (Middle Triassic to Lower Jurassic)
Siksikpuk Formation-Maroon, green, and gray siliceous shale and
chert (Lower to lower Uooer Permian)
Kuna Formation-black, sooty shale, limestone, and chert (may
include strata of Late Mississippian to early Middle Pennsylvanian
aae at too of formation: Dumoulin and others, 1993)
Rough Mountain Creek unit-light-gray, bioclastic limestone; conodonts
are late Kinderhookian (92Mu5-1, 92Mu5-2, 92Mu10-2, 92Mu12-2,
93Mu63-1,93Mu65-1)
Limestone and shale member-yellowish-brown-weathering silty limestone and shale; brachopods are late Kinderhookian (92Mu10-1,
92Mu10-3,93Mu63, 93Mu63-2, 93Mu80)
Shale member-black shale; brachiopods in underlying Isikut
Member indicate a late Kinderhookian age (93TM37K)

Isikut Member-thin-bedded, micaceous siltstone and fine-grained
sandstone with interbedded thin silty limestone containing crinoidal
debris and scattered brachiopods, locally containing light-gray
quartzitic sandstone at base; forms reddish-brown-weathering ridges
and cuestas; brachiopods indicate at least part of member is late
Kinderhookian in age (92Mu26, 93Mu65, 93Mu78-1, 84Sta04,
93Ha136, 93Ha143, 92TM17A, 92TM29A, 93TM35C, 93TM35F,
93TM35I, 93TM35L, 93TM37E, 93JS03B, 93JS03E, 93Ha109,
93Ha110)

'v*^v^^-V^'X^'-?-'^\
' ' ft'.- & .$ .'. \'.- :'tf :'." V '-A- A

Kanayut Conglomerate (upper part)--greenish-gray, fine- to mediumgrained quartzitic sandstone and minor conglomerate (mostly

ttiXti'$-:$::^-ti-'-:<f\
" " " " -<V'' s '' '''' Upper Devonian; upper part Lower Mississippian?)
Figure 6. Stratigraphy of the upper part of the Aniuk River sequence of the Endicott Mountains allochthon in the western
Endicott Mountains, showing generalized Hthologies and approximate location of fossil collections from the Isikut Member
of the Kayak Shale, and the Rough Mountain Creek unit of the Lisburne Group.
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Figure 7. Brachiopods from the Kayak Shale, Aniuk River sequence, Endicott Mountains allochthon, western Endicott Mountains.
Illustrated specimens reposited in the Carnegie Museum of Natural History, Pittsburgh, Pa. (CM).
a-r, Limestone and shale member, loc. 93Mu63.
a, b, Ovatia prolata Carter, ventral and lateral views of natural mold of dorsal exterior, xl, CM 36054.
c-f, Piloricilla desmetensis Carter, ventral, anterior, posterior, and lateral views of ventral valve, xl, CM 36055.
g, h, Pustula morrocreekensis Carter, ventral and dorsal views, xl, CM 36056.
i-1, Spinocarinifera parviformis (Girty), ventral, anterior, posterior, and lateral views of ventral valve, x2, CM 36057.
m-r, Seminucella parva Carter, ventral, dorsal, mold of dorsal exterior, anterior, posterior, and lateral views of complete
specimen, x2, CM 36058.
s-v, Isikut Member, Calvustrigis rutherfordi (Warren), xl, loc. 93Mu78-l.
s, t, Natural mold and latex cast of ventral valve interior, CM 36059.
u, v, natural mold and latex cast of dorsal valve interior, CM 36060.
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Kinderhookian (Lower Mississippian) Calcareous Rocks of the
Howard Pass Quadrangle, West-Central Brooks Range
By Julie A. Dumoulin and Anita G. Harris

ABSTRACT
Calcareous rocks of Kinderhookian (early Early Mississippian) age are widely distributed across the Howard
Pass quadrangle in the western Brooks Range. Most occur
in the lower part of the Lisburne Group (herein called the
Rough Mountain Creek unit) and the upper part of the
Endicott Group (Kayak Shale) in two sequences (Key Creek
and Aniuk River) of the Endicott Mountains allochthon.
Kinderhookian strata are also found in the Kelly River
allochthon (Utukok Formation?) and in sections of uncertain stratigraphic affinity and structural level spatially associated with mafic volcanic rocks.
Predominant Kinderhookian lithologies in the Lisburne
Group are skeletal supportstone (rich in pelmatozoans, bryozoans, and brachiopods) and lesser spiculite; skeletal
supportstone and calcarenite are the chief calcareous rock
types in the Kayak Shale. Conodont and brachiopod faunas
indicate that all of the Rough Mountain Creek unit and
much of the Kayak Shale in the study area are of late
Kinderhookian age. Lithologic and paleontologic data suggest that Kinderhookian strata in the Howard Pass quadrangle were deposited largely in inner- and middle-shelf
settings with normal marine salinity and locally high energy. Overall, calcareous beds in the Rough Mountain Creek
unit accumulated in a wider range of environments, less
subject to siliciclastic input, than did calcareous beds in the
Kayak, and Kinderhookian beds of both units in the Key
Creek sequence formed in less diverse, somewhat shallower environments than correlative rocks in the Aniuk
River sequence. Lithofacies patterns and contact relations
imply that decreased siliciclastic influx, perhaps accompanied by relative sea-level rise, initiated deposition of the
Rough Mountain Creek unit; relative sea-level rise and
concurrent circulatory restriction most likely ended its
deposition.
Kinderhookian calcareous rocks in the Howard Pass
quadrangle have several implications for middle Paleozoic
paleogeography of the western Brooks Range. First, sequences of the Endicott Mountains allochthon that contain
the Rough Mountain Creek unit contrast sharply with other

sequences included in this allochthon that contain thicker
and younger Carboniferous platform carbonate successions.
These differences in stratigraphic succession suggest significant shortening within the Endicott Mountains
allochthon. Second, Kinderhookian calcareous rocks in the
Howard Pass quadrangle may have been a secondary source
for carbonate turbidites of the Rim Butte unit (Ipnavik
allochthon).

INTRODUCTION
Mississippian strata throughout the Brooks Range in
northern Alaska record a major shift in depositional regimes, from the siliciclastic fluvio-deltaic setting of the
Endicott Group to the carbonate platform and associated
deeper water environments of the Lisburne Group. Across
most of the range, the first phases of Carboniferous carbonate production occurred during Osagean or Meramecian
(late Early or early Late Mississippian) time (Armstrong
and Mamet, 1977; Dumoulin and others, 1993, in press).
Several thrust sheets within the Howard Pass quadrangle in
the western Brooks Range (figs. 1, 2), however, contain
calcareous rocks of Kinderhookian (early Early Mississippian) age that represent early, relatively short-lived episodes of neritic carbonate deposition. In this paper we
describe the lithofacies, biofacies, and depositional environments of Kinderhookian calcareous rocks in the Howard
Pass quadrangle and consider the implications of these rocks
for middle Paleozoic paleogeographic reconstructions of
the Brooks Range.

STRATIGRAPHY AND GEOLOGIC
SETTING
The calcareous rocks considered in this paper crop out
within the foreland fold-and-thrust belt of the Brooks Range
and represent both the upper part of the Endicott Group
(chiefly upper part of the Kayak Shale) and the lower part
of the Lisburne Group. The lower Lisburne Group strata,
previously unnamed, are herein informally referred to as
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the Rough Mountain Creek unit. Some Kinderhookian calcareous rocks described below are poorly exposed and (or)
structurally complex and are of uncertain stratigraphic affinity.
In the structural framework of Mayfield and others
(1988), Kinderhookian calcareous rocks are found in several different structural units (allochthons). The allochthons
are distinguished on the basis of inferred structural level
and differences in lithologic succession; differences are most
pronounced in Carboniferous facies. Distinctive, coeval
stratigraphic successions within a single allochthon are
called sequences.
Most of the rocks discussed in this paper are assigned
by Mull and others (this volume) to the Key Creek and
Aniuk River sequences (Mull and Werdon, 1994) of the
Endicott Mountains allochthon (Mull and others, 1987b;
equivalent to the Brooks Range allochthon of Mayfield and
others, 1988). Kinderhookian calcareous strata are also
found in sequences considered by Mayfield and others
(1988) to be part of the Picnic Creek and Kelly River
allochthons, and in sequences of uncertain affinity in thrust
contact with mafic volcanic rocks at Memorial Creek and
in the Pupik Hills. The distribution of allochthons in the
study area is shown in figure 2.

PREVIOUS WORK AND METHODS
Kinderhookian calcareous rocks of the Howard Pass
quadrangle have received little prior attention. Gray-weathering limestone in the lower part of the Lisburne Group,
herein assigned to the Rough Mountain Creek unit, was
first mentioned by Mull and others (1982, p. 349, 353) as a
"discontinuous unnamed limestone" underlying the Kuna
Formation. Mayfield and others (1988, p. 153) called this
unit "Kogruk Formation or micritic limestone" and briefly
described it in their discussion of the Key Creek sequence.
Mull and Werdon (1994) referred to these rocks as "Kuna
Formation, limestone facies" in the Key Creek sequence
and "basal limestone of Kuna Formation" in the Aniuk
River sequence and showed their distribution in the western Endicott Mountains. Conodont collections and age determinations from the Kayak Shale at several localities in
the Howard Pass quadrangle are listed in Dumoulin and
others (1993). Lower Mississippian biostratigraphy and
lithostratigraphy of the western Endicott Mountains, with
special emphasis on the Kayak Shale in the Howard Pass
quadrangle, is discussed by Mull and others (this volume).
Kinderhookian calcareous rocks were examined at 18
localities across the Howard Pass quadrangle (fig. 2), and

Area of
figure 1

Figure 1. Distribution of the Lisburne Group (shaded) in northern Alaska (generalized from Armstrong and Mamet, 1978) and
location of quadrangles and localities mentioned in the text.
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Figure 2. Location of measured sections and lithologic and fossil collections in Kinderhookian rocks of the Howard Pass quadrangle. See table 1 for geographic
coordinates, key faunal components, and lithologies for numbered localities. Distribution of allochthons slightly modified from Mayfield and others (1988); allochthons
may include thrust sheets of other allochthons too small to show at the scale of this map. Key Creek and Aniuk River sequences as used by Mull and Werdon (1994) and
Mull and others (this volume); Isikut Member of Kayak Shale defined by Mull and others (this volume).
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sections were measured at two good exposures (fig. 2, Iocs.
2 and 12). Petrographic descriptions are derived from field
observations and examination of 120 thin sections. Limestones are classified after Dunham (1962). Nomenclature
for mixed calcareous-quartz sediments has not yet been
standardized; descriptions below use the conventions of
Dumoulin and Harris (1992), in which quartzarenite contains more than 80 percent quartz exclusive of chert,
grainstone contains less than 10 percent noncarbonate detrital grains, and calcarenite refers to sediments of intermediate composition. Interpretations of depositional
environments follow models in Wilson (1975) and Scholle
and others (1983). Age and biofacies determinations are
based on 23 productive conodont samples (table 1; see also
Mull and others, this volume, table 1, for additional conodont and brachiopod data). Samples analyzed for this study
contain conodonts with color alteration indices of 1.5-4
(mostly 3-4), indicating that the host rocks reached temperatures of at least 50-200°C (Epstein and others, 1977).
In order to facilitate comparisons between our study
and the work of Mull and others (this volume), we have
organized our data using the same framework of allochthons
and sequences employed by these authors.

ENDICOTT MOUNTAINS ALLOCHTHON
All sequences interpreted as part of the Endicott Mountains allochthon (Mull and others, 1987b) include extensive thick exposures of Upper Devonian and Lower
Mississippian coarse clastic rocks the Noatak Sandstone
and Kanayut Conglomerate overlain by the finer grained
Kayak Shale. In the Key Creek sequence, the Kayak consists chiefly of black shale and mudstone, whereas in the
Aniuk River sequence (Mull and Werdon, 1994) the Kayak
includes abundant reddish-brown-weathering siltstone, the
Isikut Member of Mull and others (this volume, figs. 4, 6).
In both sequences, the upper part of the Kayak Shale contains subordinate, generally orange-weathering, calcareous
beds that underlie a relatively thin succession of the Lisburne
Group. The Lisburne consists of gray limestone (Rough
Mountain Creek unit) overlain by black siliceous mudstone
and lesser black shale and dolostone (Kuna Formation of
Mull and others, 1982).
KEY CREEK SEQUENCE
Calcareous rocks of Kinderhookian age in the Key
Creek sequence (see Mull and others, this volume, fig. 4)
were examined at several localities in the central Howard
Pass quadrangle, mainly southwest of Mount Bupto (fig. 2,
Iocs. 1-9). The best exposures are at locality 2, 1 km southwest of the type section of the Kuna Formation (Mull and
others, 1982) (figs. 3, 4).

LITHOFACIES

ROUGH MOUNTAIN CREEK UNIT

Sections of the Rough Mountain Creek unit at localities 1 and 2 (figs. 2, 3) are 8-17 m thick and consist chiefly
of light- to medium-dark-gray limestone in even to undulatory, 0.5- to 40- (mostly 3- to 20-) cm-thick beds (fig. 5/4).
Most outcrops are lens- or mound-shaped and 30-100 m in
lateral extent (fig. 4). Black fissile shale and blocky mudstone make up as much as 10 percent of some sections,
chiefly as millimeter- to centimeter-thick partings and lenses
but locally in intervals as much as 1 m thick; they are
found largely in the upper few meters of the unit. Black to
dark-gray, locally light-gray to tan chert and partially silicified limestone are found in all sections as nodules, stringers, and discontinuous beds 3-40 cm thick. Chert content
varies greatly from bed to bed and from outcrop to outcrop.
Some sections contain less than 5 percent chert, whereas
others contain as much as 60 percent; 3-m-thick intervals
in some exposures are 80-90 percent chert (fig. 5C).
Pelmatozoans, bryozoans, and brachiopods are abundant in
outcrop; solitary and colonial corals are rare. We place the
contact of the Rough Mountain Creek unit with the overlying Kuna Formation at the base of the first extensive (>1 m
thick) interval of black shale and (or) mudstone.
Most Rough Mountain Creek limestones are moderately well to very poorly sorted, medium- to very coarse
grained skeletal grainstones or packstones (fig. 5B). In many
samples, grainstone and packstone are interlayered on a
millimeter to centimeter scale or, less commonly, irregularly mixed, probably by bioturbation. Some beds are crudely graded, and some contain irregular laminae of brown,
noncalcareous mud. Pelmatozoan grains are abundant and
form 60-80 percent of most samples, but bryozoan debris
locally predominates. In some samples, grainier pelmatozoan-rich layers alternate with muddier bryozoan-rich zones.
Articulated pelmatozoan ossicles and elongate fenestrate
bryozoan fronds occur locally. Subordinate components of
these limestones include brachiopods and ostracodes (often
whole). Many bioclasts are partially pyritized; some are
micritized or rimmed with microborings. A few samples
contain about 1 percent quartz silt and (or) intraclasts, 1-2
mm long, of brown mud or micrite. Minor small rhombs of
euhedral dolomite, generally 30-600 |Lim in diameter, are
disseminated in the muddier parts of many samples.
Rocks rich in sponge spicules are the second major
constituent of the Rough Mountain Creek unit. Many of
these rocks contain layers, a few millimeters to 5 cm thick,
of pelmatozoan and (or) bryozoan supportstone as described
above, intercalated with spiculitic mudstone, wackestone,
or packstone; spiculitic layers contain 10-40 percent spicules and few other bioclasts (fig. 5D). In chert-rich sections, spiculitic rocks make up the chert; spicules are
siliceous and interlayers of nonspiculitic supportstone are
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chiefly or completely replaced by silica, with generally excellent preservation of the original texture. In chert-poor
sections, spicules are calcareous and interlayers of skeletal
supportstone are not silicified. Both siliceous and calcareous spicules range from 12 to 200 ^m in diameter and
reach 1 mm in length. Skeletal supportstone interlayers differ from similar layers not associated with spiculite in containing more brachiopods, as well as a few gastropods and
possible foraminifers and algae. Spiculitic rocks in the Key
Creek sequence are most abundant in the lower half of the
Rough Mountain Creek unit.
KAYAK SHALE

The uppermost, limestone and shale member of the
Kayak Shale was sampled at two localities in the Howard
Pass B-3 quadrangle, and a section was measured at locality 2 (figs. 2, 3). Four poor exposures in the B-4 and B-2
quadrangles (fig. 2, Iocs. 3-5, 7) that probably represent the
upper member of the Kayak were also examined, as were
several samples described by Mull and others (this volume) as calcareous layers from lower members of the
Kayak.
The limestone and shale member is at least 28 m thick
(fig. 3). It is distinguished from the overlying Rough Mountain Creek unit by a sharp increase in the amount of intercalated shale and mudstone and by a change in the
weathering color of limestone layers from gray to orange
or tan. The section at locality 2 is 80-85 percent poorly
exposed black to dark-gray fissile shale and mudstone; 515 percent orange-weathering, medium- to dark-gray, calcareous siltstone and sandstone; 0-10 percent laterally
discontinuous beds of orange-weathering, medium-gray to
black limestone; and 3-10 percent red- to brown-weathering, rounded to lensoid concretions, which are found in
shale, siltstone, and sandstone and are 10-65 cm in maximum diameter.
Limestone intervals, generally 50 cm to 2 m thick,
consist of irregular, 1- to 7-cm beds with wavy millimeterscale partings (fig. 5£). These rocks are poorly sorted,
coarse- to very coarse grained pelmatozoan supportstones
with locally abundant brachiopods and subordinate bryozoans, gastropods, algae, and solitary corals (fig. 5F). Rocks
rich in bryozoans or sponge spicules, common in the Rough
Mountain Creek unit, are absent from this unit. A few percent detrital quartz silt and sand, generally concentrated
into discrete thin laminae, is found in most samples (fig.
5F), and phosphatic clasts, bioclasts, and steinkerns occur
locally. Euhedral rhombs of iron-rich dolomite (±siderite?),
disseminated through most samples in abundances of 5-10
percent or more, produce the characteristic orange-weathering color of these rocks.
Very fine to fine-grained, well-sorted, calcite-cemented
calcarenite in 0.5-4-cm beds forms intervals up to 2 m
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thick that are intercalated with supportstone and (or)
siliciclastic beds. These rocks are 10-80 percent calcareous
material, as much as 30 percent iron-rich dolomite, and 2060 percent noncarbonate grains. Calcareous grains are
chiefly single crystals or crystal aggregates of calcite but
include some pelmatozoan fragments and ostracodes. Ironrich dolomite occurs as silt- and sand-sized red-rimmed
rhombs. Noncarbonate grains are mainly angular monocrystalline quartz, lesser chert, phyllite, white mica, and
chlorite, and rare tourmaline and zircon.
Concretions in both shale and calcarenite beds consist
of tiny (4-60 \im) rhombs of yellow- to red-brown ironrich dolomite, locally concentrated into clusters as much as
250 jam across that display sweeping uniform extinction.
Concretions in calcarenite contain as much as 10 percent
silt and sand, chiefly quartz and lesser chert and feldspar.
Calcareous layers in the lower members of the Kayak
Shale are similar to those described above from the limestone and shale member. Orange-weathering, brownish-gray
limy beds 30-50 cm thick make up about 5 percent of the
shale member at locality 8 (fig. 2) and consist of
pelmatozoan wacke/packstone with subordinate brachiopods,
ostracodes, and bryozoans. Orange-weathering, poorly
sorted, very fine to fine-grained calcarenite intervals 30-75
cm thick form 5-10 percent of the basal sandstone member
at locality 9 (fig. 2). Calcareous clasts (15-80 percent) are
chiefly brachiopods, bryozoans, and pelmatozoans; other
constituents include dolomite, monocrystalline quartz, and
lesser chert, phyllite, white mica, and chlorite. Ferruginous
dolomite rhombs are locally abundant in calcareous beds
of both the shale and the sandstone members.
AGE AND BIOFACIES

A combination of conodont and brachiopod data suggest a late Kinderhookian age for both the Rough Mountain Creek unit and the upper part of the Kayak Shale in
the Key Creek sequence. Conodont collections reported in
this paper indicate a Kinderhookian age for these units (table
1). However, some samples from both units listed in Mull
and others (this volume, table 1) yield conodont faunas of
middle to late Kinderhookian age. In addition, a sample
from the limestone and shale member of the Kayak (fig. 2,
loc. 7) contains Kinderhookian conodonts and brachiopods
of possible late Kinderhookian or early Osagean age. The
presence of both of these faunas indicates a possible late
Kinderhookian age for this sample and suggests that overlying parts of the Kayak and the Rough Mountain Creek
unit can be no older than late Kinderhookian.
Conodonts from several calcareous lithologies in the
Rough Mountain Creek unit and the Kayak Shale (table 1;
see also Mull and others, this volume, table 1) yield biofacies
data. Assemblages from pelmatozoan supportstone in both
units represent bispathodid biofacies, or postmortem

3
91JS36Z
(31754-PC),
68° 197
158°04.5'
4
91JS37G
(31755-PC),
68° 17.77
157°58.5'

92AD73G
(32462-PC),
68° 19387
157°45'05"

Indeterminate (too few
conodonts)

EMA-KC:
Kayak Shalelimestone and
shale member

Kinderhookian
3-3.5

middle to late
Kinderhookian
3.5-4

Conodont data in Mull and others (this volume, table 1)

Conodont data in Mull and others (this volume, table 1)

Skeletal grainstone
7.6kg

Pelmatozoan packstone
6.6kg

Kinderhookian
4

Kinderhookian
4

Po. inornatus (R)
Po. longiposticus (R)

Pelmatozoan-bryozoan
grainstone
9.5kg

B. stabilis or B. utahensis (C)
Partly silicified skeletal
pack/grainstone interlayered Po. inornatus E.R. Branson (A)
Po. longiposticus Branson and Mehl (R)
with siliceous spiculite
11.9kg

EMA-KC:
Rough
Mountain
Creek unit of
Lisburne
Group

92AD72-5
(32461 -PC),
68° 19307
157°44'55"

Kinderhookian
4

Indeterminate (too few
conodonts); postmortem
transport from relatively
shallow water, normal-marine
depositional environment
Polygnathid; high-energy,
relatively shallow water shelf
depositional environment

B. ac. plumulus, nodosus morphotype (R)
B. stabilis (Branson and Mehl) or B. utahensis
Sandberg and Gutschick (R)
Ps. orthoconstrictus (Thomas)? (R)

92AD55-22
(32450-PC)

Kinderhookian
4

Indeterminate (too few
conodonts)

Po. inornatus E.R. Branson (R)

Pelmatozoan-bryozoan
grainstone
9.4kg

Kinderhookian
2-2.5

AGE AND CAI

Indeterminate (too few
conodonts)

CONODONT BIOFAC1ES

B. aculeatus plumulus (Rhodes, Austin, and
Druce), nodosus morphotype (C)

CONODONT FAUNA

Pelmatozoan
pack/grainstone
7.7kg

LITHOLOGY AND
SAMPLE WEIGHT

Pelmatozoan-bryozoan
pack/grainstone with locally
abundant detrital quartz
9.3kg

ALLOCHTHON,
SEQUENCE,
AND STRAT.
UNIT
EMA-KC:
Rough
Mountain
Creek unit of
Lisbume
Group

EMA-KC:
Kayak Shalelimestone and
shale member

2
92AD55-0
(32449-PC),
68° 19367
157°45'15"

MAP NO.,
FIELD NO.
(USGS COLLN.
NO.), LAT. N./
LONG. W.
1
91AD9F
(31743-PC),
68°23'30'7
157°39'15"

Limestone stratigraphically
overlies about 10 m of
volcaniclastic rocks (in Kayak
Shale?) and underlies spiculitic
chert (Kuna Formation).
Overlies black silty argillite
containing 50% silt/sand flasers
and laminae and some climbing
ripples (Kayak Shale).

Structural repeat of section at
92AD55 located 0.2 km to NE.;
sample from about 6 m below top
of Rough Mountain Creek unit.

From chert-rich outcrop 0.3 km SE.
of 92AD55, about 5 m below top of
Rough Mountain Creek unit.

About 12 m below contact with
Rough Mountain Creek unit (see
fig. 3).

About 1 km SW. of type section of
the Kuna Formation. Near or at
top of Rough Mountain Creek unit
(see fig. 3).

Assigned to Kayak Shale by
Dumoulin and others (1993); B.
aculeatus plumulus from this
collection illustrated by these
authors (fig. 5F).

REMARKS

[Allochthon and (or) sequence: EMA, Endicott Mountains allochthon, sequence undetermined; EMA-KC, Key Creek sequence; EMA-AR, Aniuk River sequence; KRA-K, Kelly River allochthon, Kelly
sequence. Map number indicates locality shown on fig. 2. Letters in locality number refer to collector: ABS, S. Bie; AD, J.A. Dumoulin; ADo, J.H. Dover; ARM, R.T. Miyaoka; JS, J.M. Schmidt.
Lithology describes conodont sample only; compositional modifiers listed in order of decreasing abundance. Abbreviations for conodont genera: B., Bispathodus; H., Hindeodus; Pat., Patrognathus; Po.,
Polygnathus; Ps., Pseudopolygnathus; Si., Siphonodella* Syn., Synclydognathus. R, rare (<5 specimens); C, common (5-20 specimens); A, abundant (21-100 specimens); VA, very abundant (>100
specimens); *, biostratigraphically important taxon. CAI, conodont color alteration index]

Table 1. Conodont and lithologic data for selected Kinderhookian calcareous rocks, Howard Pass quadrangle, western Brooks Range
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possibly late
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3 or 4

middle to late
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3.5-4

For additional localities and paleontologic data for Key Creek sequence stratigraphic units, see Mull and others (this volume, table 1): Rough Mountain Creek unit (92Mu20, 93Mu47); Kayak Shale,
limestone and shale member (92Mu22, 93Mu51)
B. ac. plumulus, nodosus morphotype (R)
Indeterminate (too few
Kinderhookian
Pelmatozoan-bryozoan
About 2 m below contact with
10
EMA-AR:
B. ac. plumulus (C)
4
grainstone
conodonts); normal-marine
Kuna Formation.
92AD24G
Rough
Po. scobinifonnis E.R. Branson (R)
depositional environment
7.5kg
(32429-PC),
Mountain
68°12'37'7
Ps. sp. indet. (C)
Creek unit of
157°39'55"
Lisburne
Group
Interlayered skeletal
B. ac. plumulus, nodosus morphotype (R)
EMA-AR:
About 5 m below top of Kayak
92AD24N
Shale.
Kayak Shale-- packstone and muddy quartz B. ac. plumulus (R)
(32430-PC)
siltstone
limestone and
shale member 7.0kg
B. ac. plumulus, nodosus morphotype (A)
Pelmatozoan-bryozoan
Bispathodid; normal-marine,
middle to late
11
EMA-AR:
Several meters below contact with
H. crassidentatus (Branson and Mehl) (R)*
Kinderhookian
92AD18A
grainstone
relatively high energy
Kuna Formation.
Rough
-2.5
depositional environment
(32423-PC),
Mountain
5.6kg
68°12'45'7
Creek unit
156°49'50"

92ADo316B
(32208-PC),
68°20'13'7
157°52'06"

Conodont data in Mull and others (this volume, table 1)

Calcarenite with diverse
bioclasts, dolomite, and
lesser quartz
5.4kg

EMA-KC:
Kayak Shalesandstone
member

Conodont and brachiopod data in Mull and others (this volume, table 1)

Conodont data in Mull and others (this volume, table 1)

Conodont data in Mull and others (this volume, table 1)

Pelmatozoan grainstone
5.5kg

Pelmatozoan
pack/grainstone, locally
dolomitic
4.7 kg, 9.7 kg

Dolomitic pelmatozoan
wacke/packstone
6.8kg

Indeterminate (too few
conodonts)

EMA-KC:
Kayak Shaleshale member

B. aff B. ac. plumulus (R)
Polygnathus sp. indet. (R)

8
92ADo239B2
(32209-PC),
68°18'167
157°51'09"
9
92ADo248B
(32207-PC),
68°20'217
157°52'58"

Very fine grained
calcarenite and calcareous
siltstone
11.5kg

EMA-KC:
Kayak Shale-limestone and
shale member

5
91JS38A
(31756-PC),
68°19'40'7
157°52'38"
6
91ADo70C, E
(31748,47-PC),
68°23.07
157°40.5'
7
93JS02C
(32218-PC),
68° 22.257
156°55.63'

Table 1. Continued.
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EMA-AR:
Kayak Shale-Isikut Member

Calcarenite with subequal
amounts of dolomite, quartz,
and chert
4.2kg
Calcarenite with abundant
bioclasts and lesser quartz
4.5kg

Barren

Conodont data in Mull and others (this volume, table 1)

Late DevonianMississippian
4

Several m above contact with
underlying Kanayut Conglomerate.

From lower part of Isikut Member;
probably stratigraphically higher
than 93JS03E.

93JS03E,
68°20.57
157° 13'
For additional localities and paleontologic data for Aniuk River sequence stradgraphic units, see Mull and others (this volume, table 1): Rough Mountain Creek unit (92Mu5-l, 92Mu5-2, 92Mul2-2,
92Mu63-l); Kayak Shale, limestone and shale member (93Mu63, 93Mu63-2)
14
EMA(?):
Cross-bedded pelmatozoan B. ac. plumulus (R)
Indeterminate (too few
92AD46 structurally underlies
middle to late
Si. aff. Si. obsoleta Hass (R)*
92AD46A
conodonts)
92ADo78, 79; 46A is 0.5 m below
Rough
packstone
(but not latest)
(32446-PC),
Mountain
Kinderhookian
base of Kuna Formation. Mayfield
11.8kg
68°27'08'7
1.5
Creek unit of
and others (1988) included these
157°31'02"
Lisburne
rocks in the Picnic sequence of the
Picnic Creek allochthon.
Group
Quartzose Calcarenite with B. aculeatus subsp. indet. (R)
Bispathodid-polygnathid
early to middle
92ADo78B is -75 m
EMA(?):
B. stabilis (A)
biofacies; shallow- to middle- Kinderhookian
stratigraphically below
92ADo78B
Kayak
minor bioclasts and rare
Po. communis communis (A)
shelf, normal-marine
(33320-PC),
Shale(?)
(Si. sulcata Zone 92ADo79A.
glauconite
68°26'48'7
Ps. marginatus (Branson and Mehl) and Ps.
deposidonal environment
into lowest part
5.3kg
157°30'00"
orthoconstrictus (A)
of the Lower Si.
Si. sulcata (Huddle) (C)*[figs. 9J-L]
crenulata Zone)
2
Pseudopolygnathid-hindeodid middle to late
Skeletal packstone with rare B. aculeatus subsp. indet. (C)
H. crassidentatus (C)*
biofacies; shallow- to middle- Kinderhookian
92ADo79A
glauconite
Po. communis communis (R)
shelf, normal-marine
(32216-PC),
11.8kg
2
68°26'50'7
Ps. marginatus and Ps. orthoconstrictus and
depositional environment
157°31'00"
forms transitional between them (A)
Ps. sp. indet. (A)
B. stabilis or B. utahensis (R)
15
KRA-K:
Dolomitic pelmatozoan
Siphonodellid; outer-shelf or
middle to early
Outcrop shown in figure 10B.
Po. communis communis (C) [figs. 9R, S]
92AD57E
Utukok
wacke/packstone
deeper water depositional
late KinderPo. inornatus (C)
environment
hookian (Upper
(32451 -PC),
Formation(?)
9.8 kg
68°33'43'7
Po. symmetricus E.R. Branson (R)
of Lisburne
Si', duplicata
158°51'45"
Si obsoleta (VA)* [figs. 9T-AA]
Zone to lower
Group
part Si. isostichaUpper Si.
crenulata Zone
2 or 3
ALLOCHH. crassidentatusl (C)*
16
Pelmatozoan grainstone
Polygnathid; relatively high
middle to late
Macrofossils from this locale
Po. inornatus (C) [fig. 9Q]
energy, shallow-water
92AD37D
THON
9.0kg
Kinderhookian
(USGS colln. 12773-PC) suggest a
Po. longiposticus (R)
deposidonal environment
(32443-PC),
UNCERTAIN:
3
Kinderhookian, possibly late
68°24'00'7
Kayak
Kinderhookian age (J.T. Dutro, Jr.,
157°2T10"
Shale(?)
written commun. to I.L. Tailleur,
1966).
Po. communisl (R)
17
Peloidal pack/grainstone
Postmortem transport from
middle to late
About 20 m structurally below
Po. inornatus (R)
7.8kg
polygnathid biofacies toward
Kinderhookian
contact with basalt.
92ABS196A
Po. spp. indet. (C)
siphonodellid biofacies;
(32468-PC),
2.5-3
68°08'04"/
Si. sp. indet. of middle to late Kinderhookian
middle-shelf or deeper water
156°53'20"
morphotype (C)*
deposidonal environment
Barren
Calcareous siltstone
About 5 m below 92ABS196A.
92ABS196B
6.9kg
Po. communis communis (C)
Fossiliferous limestone
Polygnathid; normal-marine
middle to late
Contains redeposited Devonian
18
Po. symmetricus (C)
shelf deposidonal environment Kinderhookian
coniform elements.
92ARM69A
7.0kg
Syn. geminus (C)* [figs. 9M, N]
(32472-PC)
3
On the basis of regional mapping,
68°13'50'7
Redeposited Devonian conodonts:
C.G. Mull believes these rocks are
157°20'40"
part of the Isikut Member (written
Icriodontid coniform elements (C) [figs. 9O,
commun., 1996).
P]

13
93JS03B,
68°20.33V
157°13.5'

Table 1. Continued.
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transport from that biofacies, and indicate a shallow-water,
intermittently high energy depositional environment with
normal-marine salinity. A single sample of thinly interlayered siliceous spiculite and skeletal supportstone in the
Rough Mountain Creek unit produced robust conodonts
(polygnathid biofacies) that also indicate a shallow-water,
high-energy regime. Samples of bryozoan-rich supportstone
from the Rough Mountain Creek unit and of calcarenite
from the Kayak Shale did not yield enough conodonts to
delimit the biofacies.
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Lithologic and faunal data from the Rough Mountain
Creek unit indicate that deposition took place in relatively
shallow shelf settings intermittently and (or) locally characterized by high-energy conditions. The moundlike shape
and irregular distribution of outcrops suggest that the unit
formed as discrete buildups, possibly capping local topographic highs.
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Figure 3. Measured section, upper part of Kayak Shale and lower part of Lisburne Group, Key Creek sequence (fig. 2 , loc. 2). See table
1 for conodont analyses (samples 92AD55-0, -22).
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Grain-supported texture, found throughout the unit,
demonstrates that most deposition took place above wave
base. True shoal conditions were probably not achieved,
however, because these limestones contain considerable
carbonate mud and some articulated bioclasts and are gen-

253

erally poorly sorted with little if any evidence of grain
rounding or abrasion. Well-layered and (or) crudely graded
beds most likely accumulated when storm surges brought
grain-rich pulses into quieter, muddier environments.
Bioturbation reworked and partially homogenized these

Figure 4. Kinderhookian rocks in the Key Creek sequence. A, View (toward west) of locality 2, figure 2 (arrow); Mlr, Rough
Mountain Creek unit; Mk, Kayak Shale. B, Closer view of Kinderhookian section at locality 2; note discontinuous nature of Rough
Mountain Creek unit (arrows) overlying poorly exposed Kayak Shale. Outcrop on left contains considerably more chert than does
that on the right.
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deposits, but it was not sufficient to obliterate all compositional layering. Muddy rip-up clasts and conodont assemblages that show signs of postmortem transport further
evince the contribution of storm processes to this unit.
Faunal evidence corroborates the interpretation of a
shallow-water, open-marine setting for the Rough Mountain Creek unit. The megafauna consists chiefly of normalmarine biota (pelmatozoans, bryozoans, and brachiopods);
elements tolerant of high or variable salinity (gastropods,
algae, foraminifers) are rare. Bored and micritized
bioclasts a subordinate but ubiquitous component of
Rough Mountain Creek limestones form most frequently
in shallow-water (photic zone) conditions (Bathurst, 1976).
Conodont biofacies in these rocks also indicate deposition
in open, relatively shallow and locally agitated water.
Sponge spicules in the Lisburne Group are found in
both deep- and shallow-water settings (Armstrong and
Mamet, 1977), but the biotic associates and locally robust
size of these spicules suggest a shallow-water environment.
Elsewhere in the Brooks Range (for example, Shainin Lake;
fig. 1), Carboniferous sponge spicules are particularly abundant in muddy sediments formed during initial phases of
neritic carbonate production (J.A. Dumoulin, unpub. data).
Spiculitic rocks in the Rough Mountain Creek unit appear
to have accumulated in a similar manner.
KAYAK SHALE

Calcareous layers are increasingly common upward
within the Kayak Shale but are everywhere thinner and less
abundant than in the Rough Mountain Creek unit. Skeletal
supportstones in the Kayak formed chiefly in minor, meterscale carbonate buildups that were quickly smothered by
renewed siliciclastic influx. Calcarenites are largely stormgenerated mixtures of calcareous material eroded from these
buildups and siliciclastic detritus. Mega- and microfaunas
of the Kayak are similar to those of the Rough Mountain

Figure 5. Sedimentary features of Kinderhookian rocks in the
Key Creek sequence. A-D, Rough Mountain Creek unit; E-F,
Kayak Shale. A, Even to slightly undulatory beds of skeletal
packstone and grainstone, 5 m below top of section at locality 2
(fig. 2). B, Photomicrograph of pelmatozoan grainstone overlying
muddy bryozoan packstone (fig. 2, loc. 1); P, pelmatozoan
fragment; B, bryozoan fragment. C, Chert-rich outcrop at locality
2 (fig. 2). D, Photomicrograph of skeletal supportstone overlying
muddy spiculite (fig. 2, loc. 1); P, pelmatozoan fragment; g,
gastropod; arrows indicate siliceous sponge spicules in longitudinal
and cross sections. E, Thin beds of skeletal supportstone, 22 m
below top of section at locality 2 (fig. 2). F, Photomicrograph of
skeletal supportstone shown in E; note locally abundant, angular
quartz silt. P, pelmatozoan fragment; Br, brachiopod.
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Creek unit. The greater abundance of forms such as corals,
gastropods, and calcareous algae in the Kayak, and the
relative rarity of bryozoans and sponge spicules, suggest
deposition in shallower and (or) more agitated water.
SUMMARY

Initiation and demise of Kinderhookian carbonate production in the study area reflect changes in sediment dispersal, circulation, and (or) sea level. Faunal and
sedimentologic evidence indicates that both the Rough
Mountain Creek unit and the underlying Kayak Shale
formed in similar shallow-water shelf settings. Rise in relative sea level (that is, rise in absolute sea level and (or)
subsidence of the shelf) may have accompanied the shift to
predominantly carbonate accumulation, but decreased availability of siliciclastic sediment, perhaps tectonically induced,
was most likely the chief cause. Intercalation of limestone
and siliciclastics throughout the upper member of the Kayak
suggests that the shift was gradual.
The contact between the Rough Mountain Creek unit
and the overlying Kuna Formation, however, is sharp and
implies an abrupt end to neritic carbonate deposition. The
Kuna formed in a deeper water (sub-photic zone) setting
characterized by anoxic to dysaerobic bottom conditions
(Dumoulin and others, 1993). Relative sea-level rise and
concomitant changes in circulation patterns probably extinguished Rough Mountain Creek carbonate production. This
rise may have been in part eustatic global sea level increased markedly during the late Kinderhookian (Ross and
Ross, 1988) but neritic carbonate deposition continued
without obvious disruption in some parts of northern Alaska
(for example, sequences of the Kelly River allochthon;
Dumoulin and Harris, 1992) throughout the Early Mississippian. Thus, if Kinderhookian sea-level rise in the study
area was sufficient to terminate carbonate production, it
was most likely because the effect of this rise was intensified by tectonic subsidence. Development of one or more
rift basins in northern Alaska during Late Devonian-Carboniferous time has been proposed by numerous workers
(Moore and others, 1994) and may have played a role in
the sudden demise of the Rough Mountain Creek unit.
ANIUK RIVER SEQUENCE

Kinderhookian calcareous rocks in the Aniuk River
sequence (Mull and others, this volume; fig. 6) were studied at several localities in the southeastern Howard Pass
quadrangle (fig. 2, Iocs. 10-13). The best exposed and most
complete section is on the north side of Rough Mountain
Creek (fig. 2, loc. 12), where we recognize two successive
thrust sheets that repeat the Kayak Shale and overlying
Lisburne Group (figs. 6, 7).

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

256

LITHOFACIES

ROUGH MOUNTAIN CREEK UNIT

At locality 12 (fig. 2), the Rough Mountain Creek unit
is about 15 m thick in both the upper and lower thrust
sheets. Elsewhere, the unit is exposed chiefly as rubble and
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dark-gray limestone in irregular to undulatory, thin to thick
(0.5-35 cm) beds with faint wavy laminae (fig. 8A). Most
sections contain partings and beds (to 50 cm thick) of medium-gray to black, noncalcareous shale and (or) mudstone
that increase upward from a few to about 10 percent (fig.
8A). Chert was noted only at the Rough Mountain Creek
locality, where black (locally bluish or tan) bands, nodules,
and lenses 5-20 cm thick make up 5-40 percent of less than
half the section.
Limestones are mostly supportstones rich in pelmatozoans and (or) bryozoans, like those described above from
the Key Creek sequence. Partial silicification, chiefly of
pelmatozoans and brachiopods, is widespread in the Aniuk
River supportstones. As in the Key Creek sequence, chert
is rich in siliceous sponge spicules. Rocks with abundant
calcareous spicules were not found in the Aniuk River
sequence.
KAYAK SHALE

The limestone and shale member of the Kayak Shale
was examined at two localities in the Aniuk River sequence
(fig. 2, Iocs. 10, 12). At least 5 m of poorly exposed, black,
noncalcareous shale and mudstone make up the uppermost
part of the member and overlie 5-14 m of well-exposed
noncalcareous siltstone (10-60 percent), calcarenite (10-60
percent), limestone (5-40 percent), and black, noncalcareous
shale (<5-30 percent). These lithologies are generally intercalated on a scale of 0.5-1 m, although shale intervals may
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be only a few centimeters thick. Concretions like those in
the Key Creek sequence were not observed.
Orange-weathering, light- to medium-gray limestone
forms locally lensoid or undulatory beds, 1.5-10 cm thick,
which may contain millimeter-scale, low-angle cross laminae (fig. 8B). These rocks are pelmatozoan supportstones,
much like those described above from the Kayak Shale in
the Key Creek sequence; some contain rounded clasts of
black shale as much as 2 mm long.
Yellow-brown- to orange-weathering, brownish-gray
calcarenite in centimeter-thick undulatory beds is also similar to rocks described above from the Key Creek sequence
(fig. 8C). Aniuk River calcarenite has well-developed crossand parallel-laminae, locally disrupted by bioturbation. Composition is similar to, but more diverse than, that of
calcarenite in the Key Creek sequence. Calcareous grains
include brachiopods, bryozoans, gastropods, algae, and
peloids, as well as pelmatozoans and ostracodes.
Noncarbonate grains, mostly monocrystalline quartz, make
up more than 80 percent of some samples. Aniuk River
calcarenite contains sedimentary lithic grains, plagioclase,
and possible biotite, in addition to all the noncalcareous
grain types noted in correlative Key Creek sequence
calcarenite.
Olive-gray- to light-gray-weathering, medium-gray,
noncalcareous siltstone to fine-grained sandstone, not found
in the Key Creek sequence, forms parallel-laminated, 1- to
3-cm-thick beds (fig. 8B). Grains are angular to subrounded
and generally well sorted. Composition is similar to the

PMIku
PMIku

,/Mk
X^

-*
Mlr

Figure 7. Kinderhookian rocks at Rough Mountain Creek (fig. 2, loc. 12); arrow and dotted line indicate base of upper thrust sheet.
PMIku, Kuna Formation (includes younger rocks); Mlr, Rough Mountain Creek unit; Mk, Kayak Shale.
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noncarbonate fraction of the calcarenite beds but includes
abundant phyllosilicate pseudomatrix instead of calcite cement (fig. 8£>).
Two samples from calcareous layers in the Isikut Member of the Kayak Shale were analyzed in thin section. Both
are from the lower part of the member at locality 13 (fig.
2), where orange-weathering, limy layers a few millimeters
to 5 cm thick make up less than 5 percent of the section
and contain locally abundant pelmatozoans, brachiopods,
and bryozoans. The layers consist of very fine to finegrained, quartzose, dolomitic calcarenite like that described

above from the basal member of the Kayak in the Key
Creek sequence.
AGE AND BIOFACIES

Comparison of conodont- and megafossil-based age determinations suggests that, as in the Key Creek sequence,
both the Rough Mountain Creek unit and much (perhaps
most) of the Kayak Shale in the Aniuk River sequence are
of late Kinderhookian age. Most samples from the Rough

0.5 mm

ft

0.5 mm

Figure 8. Sedimentary features of Kinderhookian rocks in the Aniuk River sequence at Rough Mountain Creek (fig. 2, loc. 12). A,
Rough Mountain Creek unit; B-D, Kayak Shale. A, Thin, nodular beds of skeletal supportstone with partings of black, noncalcareous
shale, 5 m below top of section, upper thrust sheet. B, Intercalated skeletal grainstone (bed with pen on it) and noncalcareous
siltstone, base of section, lower thrust sheet. C, Calcarenite, 11 m above base of section, upper thrust sheet; contains abundant quartz
(white grains), ferruginous dolomite rhombs (arrows), calcareous bioclasts such as pelmatozoan fragments (P), and calcite cement. D,
Noncalcareous sandstone, 11.5 m above base of section in upper thrust sheet; chiefly quartz and phyllosilicate pseudomatrix.
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Mountain Creek unit (table 1; see also Mull and others, this
volume, table 1) produced conodonts of middle to late
Kinderhookian age, but limestone near the base of the Rough
Mountain Creek section yielded assemblages diagnostic of
late, but not latest, Kinderhookian age (lower part of
Siphonodella isosticha-Upper Si. crenulata Zone). Conodonts from the Kayak also chiefly indicate a middle to late
Kinderhookian age, but brachiopods from one sample of
the limestone and shale member, as well as several from
the Isikut Member, denote the Calvustrigis rutherfordi Zone
of late Kinderhookian age (Mull and others, this volume,
table 1). These data thus suggest that most of the Kayak
Shale and all of the overlying Rough Mountain Creek unit
were deposited during the late Kinderhookian.
Conodont collections from the Aniuk River sequence
represent a wider range of biofacies than do correlative
samples from the Key Creek sequence (table 1). Finely
interlayered packstone and grainstone 2.5 m above the base
of the Rough Mountain Creek unit (fig. 2 and table 1, loc.
12, upper thrust sheet sample 92AD63A-2.5) produce
polygnathid biofacies conodonts, including some
siphonodellids (figs. 9E-G); the species association and
taphonomy suggest deposition on the outer shelf or slope.
A collection from roughly the same stratigraphic position
at this locality, but from the lower thrust sheet (92MulO-2;
Mull and others, this volume, table 1) contains conodonts
of similar biofacies (polygnathid-pseudopolygnathid and rare
siphonodellids) and environmental implications (middle
shelf to slope).
Assemblages from the upper part of the Rough Mountain Creek unit indicate shallower depositional environments. Bryozoan-rich supportstone from the upper half of
the unit at locality 11 (fig. 2, table 1) yielded bispathodid
biofacies conodonts, chiefly Bispathodus aculeatus
plumulus, nodosus morphotype, that suggest a high-energy,
shallow-water depositional setting with normal-marine salinity. Coarse-grained, locally cherty crinoidal limestone
from several localities (Mull and others, this volume) produced conodonts of bispathodid and related biofacies that
imply shallow- to middle-shelf, locally high energy environments.
Conodonts from the Kayak Shale denote shallow- to
mid-shelf, locally high energy depositional regimes much
like those inferred for the upper part of the Rough Mountain Creek unit. Diagnostic samples from the limestone and
shale member, obtained from skeletal supportstone, represent polygnathid and related biofacies. Calcarenite beds in
the Isikut Member at locality 13 (fig. 2) yielded conodonts
that are fragmented and fractured but not abraded, suggesting rapid burial in a high-energy environment. Other samples
from this member reported in Mull and others (this volume) also denote a shallow- and (or) middle-shelf depositional setting. Particularly noteworthy are samples such as
93TM35L (USGS colln. 32198-PC), which contain conodonts representative of postmortem transport from or within
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the patrognathid biofacies. These assemblages indicate very
shallow water within or adjacent to a high-energy shoal.
DEPOSITIONAL ENVIRONMENT
ROUGH MOUNTAIN CREEK UNIT

Kinderhookian rocks of the Aniuk River sequence
formed in depositional settings like those proposed for correlative strata in the Key Creek sequence. The Rough Mountain Creek unit is generally thicker in the Aniuk River
sequence, indicating that carbonate production occurred over
a longer time span and (or) in more optimal environments.
Lithologic and faunal evidence denote shallow-water, inner- to middle-shelf settings for most of the unit, but conodont biofacies suggest that, at least locally, the basal beds
formed in somewhat deeper, possibly outer-shelf to slope
settings. The presence of these basal, deeper water beds
implies that the transition from Kayak Shale to Rough
Mountain Creek unit in this sequence was at least in part a
response to a relative rise in sea level.
KAYAK SHALE

Paleontologic and sedimentologic data suggest innerto middle-shelf depositional environments for the Kayak
Shale in the Aniuk River sequence. The upper member of
the Kayak includes abundant siltstone and sandstone; the
chiefly noncalcareous and diverse composition of these beds
implies accumulation close to the siliciclastic source. Siltstone is, of course, even more abundant in the Isikut Member. Fragmented, but unabraded, conodonts from calcarenite
in this member (table 1, loc. 13) support an interpretation
of these beds as rapidly formed storm deposits. Other calcareous intervals, particularly those that contain conodonts
of the patrognathid biofacies, probably accumulated in highenergy, near-shore shoals.
COMPARISONS

The Rough Mountain Creek unit is distinguished from
calcareous intervals in the underlying Kayak Shale by a
number of features (tables 2, 3). In the Rough Mountain
Creek unit, calcareous beds are chiefly limestone, weather
gray, may contain notable amounts of chert, and are exposed in continuous intervals at least 8 m thick. In the
Kayak Shale, calcareous beds consist both of limestone
and abundant calcarenite, weather tan or orange (because
of disseminated ferruginous dolomite), do not contain chert,
and form intervals only 0.5-2 m thick. Bryozoan-rich
supportstones and layers rich in sponge spicules are common in the Rough Mountain Creek unit but are absent from
the Kayak. In summary, calcareous beds in the Kayak were
deposited in a more limited range of environments subjected to a greater and more continuous siliciclastic influx

260

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

than were calcareous beds in the Rough Mountain Creek
unit.
Some distinctions may also be made between
Kinderhookian strata in the Key Creek sequence and in the
Aniuk River sequence (tables 2, 3). Exposures of the Rough
Mountain Creek unit in the Key Creek sequence are somewhat thinner, more obviously mound shaped, contain more
chert, and were deposited in a less diverse, generally shallower range of settings than correlative strata in the Aniuk

River sequence. In particular, the basal part of the Rough
Mountain Creek unit at locality 12 (fig. 2) accumulated in
an outer-shelf to slope environment; no evidence of this
depositional regime has been found in coeval beds in the
Key Creek sequence.
The limestone and shale member of the Kayak Shale
also differs somewhat between the two sequences. In the
Key Creek sequence, the member contains more shale, less
siltstone and sandstone, and slightly thicker calcareous in-
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tervals than in the Aniuk River sequence. Aniuk River exposures include noncalcareous siltstone and sandstone not
noted in the Key Creek, but they do not contain orangeweathering concretions. Calcareous beds in the Aniuk River
sequence contain more cross- and parallel-lamination and,
like the overlying Rough Mountain Creek unit, appear to
have formed in a more diverse suite of depositional environments.

OTHER SEQUENCES
Kinderhookian conodonts have also been recovered
from calcareous beds in several successions that, according
to May field and others (1988), are not part of the Endicott
Mountains allochthon. These rocks are described below,
along with our best estimates of their stratigraphic and structural positions.
PICNIC SEQUENCER)

At locality 14 (fig. 2), about 5 km south of Mount
Bupto, two thrust sheets that contain Kinderhookian rocks
have been assigned to the Picnic sequence of the Picnic
Creek allochthon (Mayfield and others, 1988). The lower
thrust sheet contains 10 m of gray pelmatozoan limestone

Figure 9. Kinderhookian conodonts from calcareous rocks in
the Howard Pass quadrangle (scanning electron micrographs;
illustrated specimens are reposited in the U.S. National Museum,
USNM, Washington, D.C.). See figure 2 for collection locations
and table 1 for faunal and lithologic data.
A-I, Endicott Mountains allochthon, Aniuk River sequence; loc. 12:
A-D, limestone and shale member of the Kayak Shale; £-/, Rough
Mountain Creek unit of the Lisburne Group.
A-D, Synclydognathus geminus (Hinde), x75.
A, C, D, Lateral views of Pa, Sb, and Sc elements, USNM
489776-78, sample 92AD66-1 (USGS colln. 32458-PC).
B, Upper view of Pa element, USNM 489779, sample 92 AD646 (USGS colln. 32456-PC).
E-I, Sample 92AD63A-2.5 (USGS colln. 32454-PC).
E, Siphonodella crenulata (Cooper), juvenile Pa element, upper view, x50, USNM 489780.
F, Siphonodella isosticha (Cooper), Pa element, upper view,
x50, USNM 489781.
G, Siphonodella cf. Si. isosticha (Cooper), Pa element, upper
view, x50, USNM 489782.
H, Pseudopolygnathus n. sp.?, Pa element, upper view, x50,
USNM 489783. Lower side has expanded pit that extends as
a posteriorly narrowing pseudokeel; resembles Siphonodella
sulcata (Huddle) but Pseudopolygnathus n. sp.? has a flatter platform that widens anteriorly.
/, Bispathodus stabilis (Branson and Mehl), Pa element, inner
lateral view, x40, USNM 489784.
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beneath poorly exposed black chert and siliceous mudstone;
we interpret these rocks as the Rough Mountain Creek unit
and Kuna Formation of the Lisburne Group, respectively.
Thrust above this section is an interbedded succession of
uncertain affinity made up of about 150 m of limestone,
calcarenite, quartz-rich sandstone, and mudstone that we
assign to the Kayak Shale(?).
The Rough Mountain Creek unit at this locality forms
several mound-shaped outcrops, 25-40 m long, of lightgray-weathering, medium-dark-gray limestone in even to
undulatory, locally cross-laminated beds 2-25 cm thick. A
few 5x50 cm, black chert nodules mark the base of the
section, and millimeter-thick muddy partings were observed
near the top. The limestone is pelmatozoan packstone and
grainstone, locally interlayered on a millimeter to centimeter scale; some coarse grainstone layers are quite well sorted
and contain broken and somewhat abraded grains. Minor
constituents of these supportstones include bryozoans, brachiopods, rounded intraclasts of dark noncalcareous mud, a
few percent angular quartz silt, and rare grains of glauconite.
The Kayak Shale(?) in the upper thrust plate consists
of a calcareous, better exposed upper unit and a quartzose,
rubbly lower unit, each about 75 m thick. The upper unit is
yellowish-brown-weathering, gray, fossiliferous limestone
and calcarenite (50 percent), dark argillite and mudstone

J-L, Endicott Mountains allochthon(?), Kayak Shale(?); loc. 14,
sample 92ADo78B (USGS colln. 33320-PC). Siphonodella sulcata
(Huddle), Pa elements, lower and upper views; J and L x50 and K
x40, USNM 489785-87.
M-P, Allochthon uncertain, Kayak Shale(?); loc. 18, sample
92ARM69A (USGS colln. 32472-PC).
M, N, Synclydognathus geminus (Hinde), Pa element, outer lateral view, x50and S element, lateral view, xlOO, USNM 489788,
89.
O, P, Redeposited Devonian icriodontid coniform elements, lateral views, xlOO, USNM 489790,91.
Q, Allochthon uncertain, Kayak Shale(?); loc. 16, sample 92AD37D
(USGS colln. 32443-PC). Polygnathus inornatus E.R. Branson,
Pa element, upper view, x50, USNM 489792.
R-AA, Kelly River allochthon, Kelly sequence, Utukok Formation(?)
of Lisburne Group; loc. 15, sample 92AD57E (USGS colln. 32451PC).
/?, 5, Polygnathus communis communis Branson and Mehl, Pa
elements, lower and upper views, x75, USNM 489793, 94.
T-AA, Siphonodella obsoleta Hass, x50. Although all elements of
the siphonodellid apparatus are present in this sample and the
CAI value is low, dolomitization of the host rock adversely
altered their texture.
T-V, Pa elements, upper and lower views, USNM 4897995-97.
W, X, M elements, inner and outer lateral views, USNM 489798,
99.
Y-AA, Sa, Sb, and Sc elements, lateral views, USNM 48980002.
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Table 2. Comparison of lithologic and biostratigraphic data from Rough Mountain Creek unit and Utukok Formation(?), Howard
Pass quadrangle, western Brooks Range
[Map number indicates locality shown on fig. 2. CAI, conodont color alteration index. Includes some conodont data from Mull and others (this
volume). Abbreviations for skeletal and nonskeletal grain types: A, algae; BRA, brachiopod; BRY, bryozoan; C, coral; CH, chert; CO, coated grain;
D, dolomite; E, epidote; F, feldspar; FO, foraminifer; G, gastropod; GL, glauconite; I, shaly or micritic intraclast; O, ostracode; P, phosphate; PE,
pelmatozoan; PEL, peloids; PHY, phyllite; Q, quartz; SP, sponge spicule; T, tourmaline; W, white mica. Grain types are listed in approximate order
of decreasing abundance]
STRATIGRAPHIC
UNIT

Rough Mountain Creek unit

Rough Mountain Creek unit

Rough Mountain Creek unit

Utukok Formation(?)

ALLOCHTHON,
SEQUENCE

Endicott Mountains
Key Creek

Endicott Mountains
Aniuk River

Endicott Mountains(?)
Aniuk River(?)

Kelly River
Kelly

MAP NO.

1,2
8-17

10-12

14

15

10-35

About 10

At least 80

LITHOLOGIES

Limestone with locally
abundant replacement chert
and minor black shale and
mudstone

Limestone with locally
abundant replacement chert
and minor black shale and
mudstone

Limestone with minor chert
nodules and mm-thick
muddy partings

Limestone, locally
dolomitized and (or)
silicified; lesser calcarenite

CALCAREOUS
ROCK TYPES AND
INCLUDED GRAIN
TYPES

Pelmatozoan and (or)
bryozoan supportstone (PE,
BRY, BRA, O, C, Q, I, D)
Siliceous or calcareous
spiculite with interlayers of
skeletal supportstone (SP,
PE, BRY, BRA, O, G, FO?,
A?)

Pelmatozoan and (or)
bryozoan supportstone (PE,
BRY, BRA, O, C, FO, Q, I,
D, P, G?, A?)
Siliceous spiculite with
interlayers of silicified
skeletal supportstone (SP,
PE, BRY, BRA, FO, D)

Pelmatozoan supportstone
(PE, BRY, BRA, I, Q, GL)

Skeletal wackestone and
packstone (PE, BRY, BRA,
D)
Skeletal grainstone (PE, O,
BRA, PEL)
Calcarenite (Q, PE, BRA, I,
CO, CH, F, W, PHY, FO, T,
E)

AGE, FAUNA, AND
CAI

middle to late
Kinderhookian
Conodonts

late (but not latest)
Kinderhookian
Conodonts
-2.5-4

middle to late (but not latest)
Kinderhookian
Conodonts
1.5

middle to early late
Kinderhookian
Conodonts
2 or 3

THICKNESS (m)

2-4

BIOFACIES

Polygnathid, bispathodid

Polygnathid, bispathodid

Indeterminate

Siphonodellid

DEPOSITIONAL
SETTING

Relatively shallow water,
locally and (or)
intermittently high energy
shelf

Chiefly inner to middle
shelf; locally outer shelf to
slope

Shallow-water, relatively
high energy shelf

Outer shelf or deeper

(40 percent), and gray-green to grayish-brown quartz-rich
sandstone (10 percent), chiefly in slabby beds 1-5 cm thick.
The lower unit is cream-colored, quartz-rich siltstone and
sandstone with only minor calcareous layers.
Limestone sampled near the top of the upper unit is
very poorly sorted skeletal packstone containing
pelmatozoans, brachiopods, ostracodes, gastropods, notable
and diverse algae (including probable dasycladacean and
girvanellid forms), a few percent angular quartz silt, and
rare glauconite. Some skeletal grains are micritized or
have bored rims. Very fine to fine-grained calcarenite and
noncalcareous sandstone were sampled near the base of
the upper unit. Calcarenite weathers dark yellowish
brown and contains 5-20 percent calcareous bioclasts
(chiefly pelmatozoans and brachiopods), as much as 20
percent ferruginous dolomite, abundant quartz, and calcite
cement. Minor constituents include chert, white mica,
phosphate, and glauconite. Noncalcareous sandstone weathers pale yellowish brown and consists mostly of quartz,
phyllosilicate-rich pseudomatrix, and at least 5 percent
feldspar.

Conodonts indicate that the Rough Mountain Creek
unit and the calcareous upper unit of the Kayak Shale(?)
are of Kinderhookian age (table 1, loc. 14). Pelmatozoan
packstone 0.5 m below the top of the Rough Mountain
Creek unit yielded a middle to late (but not latest)
Kinderhookian fauna. Packstone near the top of the Kayak(?)
also produced middle to late Kinderhookian conodonts, and
a collection of early to middle Kinderhookian age was obtained from calcarenite near the base of the upper unit.
This last sample is the oldest definitively dated in this
study and possibly the oldest Kinderhookian assemblage
known from the study area (including those reported by
Mull and others, this volume). Conodonts from both thrust
plates at locality 14 have the lowest CAIs (1.5 and 2; table
1) of any Kinderhookian collections in the Howard Pass
quadrangle.
Lithofacies and conodont biofacies of the rocks at locality 14 indicate a depositional setting much like that outlined for Kinderhookian strata elsewhere in the study area.
Sedimentary structures and carbonate textures in the Rough
Mountain Creek unit denote a shallow-water, relatively high
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Table 3. Comparison of lithologic and biostratigraphic data from Kayak Shale and Kayak Shale(?), Howard Pass quadrangle,
western Brooks Range
[Map number indicates locality shown on fig. 2. CAI, conodont color alteration index. Includes some conodont data from Mull and others (this
volume). Abbreviations for skeletal and nonskeletal grain types: A, algae; B, biotite; BRA, brachiopod; BRY, bryozoan; C, coral; CC, calcite crystal
or crystal aggregate; CH, chert; CHL, chlorite; D, dolomite; F, feldspar; G, gastropod; GL, glauconite; I, shaly or micritic intraclast; O, ostracode; P,
phosphate; PE, pelmatozoan; PEL, peloid; PHY, phyllite; PL, plagioclase; Q, quartz; SL, sedimentary lithic grain; T, tourmaline; W, white mica; Z,
zircon. Grain types are listed in approximate order of decreasing abundance]
STRATIGRAPHIC
UNIT

Kayak Shale limestone and Kayak Shale-limestone and Kayak Shale(?)-upper unit
shale member
shale member

ALLOCHTHON,
SEQUENCE

Endicott Mountains
Key Creek

Endicott Mountains
Aniuk River

Endicott Mountains(?)
Aniuk River(?)

Uncertain-spatially
associated with volcanic
rocks

MAP NO.
THICKNESS (m)
LITHOLOGIES

2-7

10,12
At least 19
Mostly black shale and
mudstone, noncalcareous
siltstone and fine-grained
sandstone, and calcarenite;
lesser limestone

14
About 75
Mostly limestone,
calcarenite, dark argillite
and mudstone; lesser
quartzose sandstone

16-18
5-10

CALCAREOUS
ROCK TYPES AND
INCLUDED GRAIN
TYPES

Pelmatozoan supportstone
(PE, BRA, BRY, G, A, C, D,
Q,P)
Calcarenite (CC, Q, D, PE,
O, CH, PHY, W, CHL, T, Z)

Pelmatozoan supportstone
PE, BRA, BRY, O, Q, D, I,
G?, A?)
Calcarenite (Q, PE, BRA, D,
BRY, O, CH, G, A, PEL,
PHY, W, CHL, SL, PL, T, Z,
B?)

Skeletal packstone (PE,
BRA, O, G, A, Q, GL)
Calcarenite (Q, PE, BRA, D,
CH, W, P, GL)

AGE, FAUNA, AND
CAI

middle to late (possibly late)
Kinderhookian;
Conodonts and brachiopods
3-4

late Kinderhookian
Zone)
Conodonts and brachiopods
3-4

middle to late
Kinderhookian near top of
unit; early to middle
Kinderhookian near base
Conodonts
2

Polygnathid, polygnathidbispathodid, hindeodidpolygnathid, bispathodid

Bispathodid-polygnathid,
pseudopolygnathidhindeodid

At least 28
Mostly black shale and
mudstone; lesser
calcarenite, limestone, and
dolomite concretions

(Calvustrigis rutherfordi

CONODONT
BIOFACIES

Bispathodid

DEPOSITIONAL
SETTING

Normal-marine, relatively
Locally high energy, inner
shallow water, intermittently to middle shelf
high energy shelf

energy environment. Conodonts from the upper unit of the
Kayak Shale(?) represent the pseudopolygnathid-hindeodid
and bispathodid-polygnathid biofacies, which suggest a shallow- to middle-shelf, normal-marine depositional regime;
lithofacies data support this interpretation. The presence of
glauconite in rocks of both thrust sheets suggests low rates
of sedimentation (Wilson, 1975).
The rocks in both thrust sheets at locality 14 are unlike
coeval strata, such as the Kurupa Sandstone of Mull and
others (1987a), that are exposed in the Picnic Creek
allochthon. The succession at locality 14 is most similar to
Kinderhookian sections in the Aniuk River sequence of the
Endicott Mountains allochthon (tables 2, 3).
KELLY SEQUENCE

Limestone of Kinderhookian age crops out in the
westernmost part of the Howard Pass quadrangle, on the

Kayak Shale(?)

Mostly limestone; lesser
calcarenite, noncalcareous
siltstone and fine-grained
sandstone, and shale
Skeletal supportstone (PE,
BRA, O, BRY, PEL, Q, G, P)
Peloidal supportstone (PEL,
PE, BR, O)
Calcarenite (Q, F, CC, D,
CH, PHY, SL, CHL, W, T,
Z)
middle to late Kinderhookian

Conodonts

2.5-3
Redeposited Devonian
conodonts at loc. 18

Polygnathid

Normal-marine, relatively
Locally high energy,
high energy, inner to middle normal-marine, middle shelf
(locally deeper?)
shelf

north flank of the De Long Mountains (fig. 2, loc. 15; table
2); Mayfield and others (1988) include these rocks in the
Kelly sequence of the Kelly River allochthon. At this locality, about 80 m of very light to medium-dark-gray limestone
underlain by several meters of orange-weathering, mediumgray calcarenite are in thrust contact with Devonian limestone to the south (fig. 10A) and with Cretaceous siliciclastic
rocks to the north (C.G. Mull, written commun., 1990).
The Mississippian limestone forms platy- to flaggyweathering thin beds (0.5-10 cm) with subordinate zones
of thick to massive beds (>30 cm). Thin-bedded intervals
are mostly skeletal wackestone and packstone (fig. 105).
Skeletal grainstone makes up most of the thicker bedded
zones, as well as thicker (>5 cm) beds within the thinbedded intervals. Thinner, muddier beds are preferentially
dolomitized and richer in chert; bands and nodules of lightgray to black chert and partially silicified limestone make
up about 5-15 percent of the total section.
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Skeletal pack/wackestones contain abundant
pelmatozoan debris and lesser bryozoans (mainly encrusting forms) and brachiopods; some crinoid ossicles and brachiopod valves are still articulated (fig. 10B). Bioclasts are
commonly concentrated into millimeter-thick layers and
lenses. The muddy matrix of most samples is largely replaced by euhedral dolomite rhombs (fig. 10C), and some
skeletal grains are completely or partially silicified.
Grainstones consist chiefly of pelmatozoan fragments with
subordinate ostracodes, brachiopods, and peloids.
Calcarenite forms slabby, centimeter-thick beds and is
fine to very fine grained and poorly sorted. Some beds are
chiefly calcite-cemented, angular quartz, with subordinate

grains of chert, feldspar, white mica, phyllite, tourmaline,
and epidote. Other beds contain these constituents as well
as abundant calcareous grains, including pelmatozoan ossicles (some with micritized rims), brachiopods, echinoid
spines, foraminifers, and notable micritic intraclasts and
coated grains (fig. IQD).
Pelmatozoan wacke/packstone 50 m above the base of
the limestone section yields conodonts of middle to early
late Kinderhookian age (Upper Si. duplicata Zone to lower
part of Si. isosticha-Upper Si. crenulata Zone). These conodonts represent the siphonodellid biofacies and suggest a
depositional environment of outer shelf or deeper. Mudsupported textures, notable articulated bioclasts, and com-

Figure 10. Kinderhookian rocks in the Kelly sequence (fig. 2, loc. 15). A, View (toward north) of Kinderhookian limestone (center);
Devonian limestone in lower left. B, Dolomitic skeletal wackestone that yielded middle to early late Kinderhookian conodonts; note
abundant articulated crinoid ossicles on bedding surfaces. C, Photomicrograph of skeletal wackestone shown in B; pelmatozoan
fragments float in a matrix of lime mud largely replaced by finely crystalline dolomite. D, Photomicrograph of calcarenite underlying
Kinderhookian limestone; the sample contains abundant quartz, calcite cement, skeletal grains such as pelmatozoan fragments (P),
and lesser coated grains (C) and micritic clasts (M).
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plete siphonodellid apparatuses (figs. 9T-AA) in these rocks
support this interpretation; grain-supported layers were probably introduced into a predominantly quiet, below-wavebase setting by storms and (or) turbidity flows.
We provisionally correlate the rocks at locality 15 with
the lower part of the Utukok Formation of the Lisburne
Group (Sable and Dutro, 1961; Dumoulin and Harris, 1992);
this unit is widely exposed west of the study area, chiefly
in sequences of the Kelly River allochthon. The Utukok is
characterized by intervals of limestone tens to hundreds of
meters thick intercalated with quartzose calcarenite and other
siliciclastic lithologies. The lower part of the formation is
known to be Kinderhookian, largely on the basis of conodonts, at a number of localities west and southwest of the
study area (Dumoulin and Harris, 1992).
UNCERTAIN AFFINITY
Kinderhookian calcareous strata are spatially associated with volcanic rocks at several localities in the study
area. The stratigraphic unit and structural level (allochthon)
represented by these calcareous rocks is uncertain. At Memorial Creek (fig. 2, loc. 16), 5-10 m of intercalated limestone, siliciclastic strata, and dark-gray, noncalcareous shale
are thrust beneath basalts of uncertain age. Orange- to yellow-brown-weathering, medium-gray limestone makes up
about two-thirds of the calcareous section and forms irregular, nodular beds, 2- to 5- (rarely, 10-) cm thick, locally separated by partings of gray shale. These beds are
poorly sorted grainstone and grain/packstone made up
chiefly of pelmatozoan fragments, lesser brachiopods,
ostracodes, and bryozoans, rare peloids, and a few percent
quartz silt. Some bioclasts are micritized.
Orange- to yellow-brown-weathering, greenish-gray, locally calcareous siltstone to fine-grained sandstone forms
planar, 2- to 12-cm-thick beds with local wispy parallel
laminae. Grains are angular to rounded quartz (about 80
percent), notable feldspar (5-10 percent), and minor chert,
phyllite, mudstone, chlorite, white mica, tourmaline, and
zircon. Some beds contain no carbonate; others are calcite
cemented and include minor dolomite as well as probable
calcareous clasts that are difficult to differentiate from cement.
Nodular-bedded limestone near the top of this section
contains conodonts of middle to late Kinderhookian age.
This assemblage represents the polygnathid biofacies and
indicates a moderately high energy, shallow-water, depositional environment with normal-marine salinity. Nodular
limestone beds with shale partings and a stenohaline fauna
are typical of a middle-shelf setting (Scholle and others,
1983; Dumoulin and Harris, 1992).
Calcareous rocks of Kinderhookian age are also found
in thrust contact beneath mafic volcanic rocks in the Pupik
Hills. At locality 17 (fig. 2), rubble of very light to light-
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gray-weathering, medium-gray limestone and yellow-brown
to gray, finely parallel- and cross-laminated, locally
bioturbated calcareous siltstone crop out a few tens of meters
structurally below basalt. The limestone is peloidal grain/
packstone with rare pelmatozoans, brachiopods, and
ostracodes; the irregular shape and relatively coarse (>200
jam) grain size of many of the peloids suggest that they are
micritized skeletal grains (fig. 11). The calcareous siltstone
is much like that described above from Memorial Creek.
Conodonts of middle to late Kinderhookian age were obtained from the peloidal limestone; the assemblage formed
by postmortem transport from the polygnathid toward the
siphonodellid biofacies and suggests a depositional setting
of middle shelf or deeper.
About 5 m of orange-weathering, gray limestone intercalated with shale is exposed in the northwestern Pupik
Hills at locality 18 (fig. 2). The limestone contains locally
abundant brachiopods, pelmatozoans, and bryozoans, as well
as phosphatized fragments and steinkerns of gastropods and
ostracodes and rare ichthyoliths. A conodont assemblage
of middle to late Kinderhookian age, which includes some
redeposited Devonian coniform elements, was recovered
from these rocks. The assemblage represents the polygnathid
biofacies and indicates a shelf depositional environment.
Thus, Kinderhookian strata structurally associated with
mafic volcanic rocks in the study area consist of relatively
thin intervals of fossiliferous limestone intercalated with
calcarenite and (or) shale and were probably deposited in a
middle-shelf setting. This association is most like the Kayak

Figure 11. Photomicrograph of peloidal grainstone of
Kinderhookian age, east side of the Pupik Hills (fig. 2, loc. 17).
B, brachiopod; P, pelmatozoan fragment; Pe, peloid.
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Shale, but exposures are too limited and (or) too little studied to be confidently assigned to any particular allochthon
or sequence (table 3). Several features of these rocks are
unusual and have not been found in other Kayak sections
in the study area. These features include the abundance of
detrital feldspar in the Memorial Creek section, and the
presence of abundant micritized bioclasts and of reworked
Devonian conodonts at the Pupik Hills localities. Notable
detrital feldspar is a distinctive component of Devonian
and Carboniferous limestones in sequences of the Nuka
Ridge allochthon (Mayfield and others, 1988), and feldspathic calcareous sandstone is reported from Kayak Shale
in this allochthon in the Noatak quadrangle (Mayfield
and others, 1987). Reworked Devonian conodonts in
Kinderhookian strata in the Pupik Hills suggest that this
section may originally have been underlain by Devonian
carbonate rocks, which in turn implies an affinity with sequences of the Kelly River allochthon. Further study may
allow more precise correlation of these distinctive
Kinderhookian rocks.

REGIONAL CORRELATION
As noted above, calcareous rocks of Osagean and
younger Mississippian age are thicker and more widespread throughout the Brooks Range than are those of
Kinderhookian age. However, basal Lisburne Group and
Kayak Shale sections of definite Kinderhookian age are
known from several localities in the western and central
Brooks Range and can be compared with Kinderhookian
calcareous rocks in the Howard Pass quadrangle.
LISBURNE GROUP

Kinderhookian strata assigned to the Lisburne Group
crop out chiefly in the western Brooks Range in the lower
part of the Utukok Formation but have also been reported
from the Atigun Gorge area in the central Brooks Range
(fig. 1). The Utukok ranges in thickness from less than 30
to more than 1,000 m and consists of intercalated calcareous and siliciclastic rocks (mainly limestone, calcarenite,
quartzarenite, and shale); the Utukok is recognized mainly
in sequences of the Kelly River allochthon (Curtis and others, 1984; Sable and Dutro, 1961).
Faunas of Kinderhookian age, mostly conodonts, have
been recovered from the Utukok Formation in the Baird
Mountains, De Long Mountains, Misheguk Mountain, and
Noatak quadrangles (fig. 1; Mayfield and others, 1984, 1987,
1990; Dumoulin and Harris, 1992), but detailed information on Kinderhookian lithofacies and biofacies is available
only from the Baird Mountains (Dumoulin and Harris,
1992). In this area, the Utukok is at least 180 m thick; the
lower third of the formation contains robust polygnathid
conodonts of probable Kinderhookian age. These basal strata

are nodular-bedded skeletal wacke/packstone, with lesser
interbeds of quartzose calcarenite and shale, deposited in a
moderate-energy, middle-shelf environment.
Kinderhookian limestone also occurs in the lower
Lisburne Group in the central Brooks Range, near Atigun
Gorge (fig. 1), in strata generally included in the Endicott
Mountains allochthon (e.g., Mull and others, 1987b). The
Lisburne in this area is about 650 m thick and largely
Osagean through Chesterian in age (Dumoulin and others,
in press). Gray, slightly argillaceous(?) limestone at the
base of the Lisburne about 25 km southwest of the gorge,
however, produced Kinderhookian, chiefly bispathodid conodonts (92TM105B; T.E. Moore, U.S. Geological Survey,
written commun., 1996; A.G. Harris, unpub. data). These
beds are poorly sorted, coarse-grained, pelmatozoan-bryozoan grain/packstone (J.A. Dumoulin, unpub. data). Lithologically similar strata at the base of the Lisburne about 18
km to the northeast yielded conodonts of comparable
biofacies, but probable Osagean age, and formed in a shallow-water shelf setting (Dumoulin and others, in press).
Elsewhere in the central Brooks Range, the age of the
base of the Lisburne Group is generally considered to be
Osagean but is typically poorly constrained. Armstrong and
Mamet (1977, fig. 3) show the basal age as uncertain at all
four of their central Brooks Range Lisburne sections.
Lithofacies of these basal rocks, however, where known in
detail, are unlike those of Kinderhookian strata in the
Howard Pass quadrangle. At Shainin Lake (fig. 1), for example, definitively Osagean rocks are found about 80 m
above the base of the section (J.A. Dumoulin and A.G.
Harris, unpub. data). Basal Lisburne strata at this locality
are undated but consist of argillaceous bryozoan wackestone
and packstone, a facies rare or absent in Howard Pass
Kinderhookian rocks.
KAYAK SHALE

Calcareous strata of Kinderhookian age are also found
in the Kayak Shale in both the western and central Brooks
Range. West of the Howard Pass quadrangle, the Kayak
has not been studied in detail. Late Kinderhookian conodonts were collected from at least one Kayak section in the
De Long Mountains quadrangle in rocks of the Ipnavik
River allochthon (Mayfield and others, 1990); no information is available on the lithofacies or biofacies of these rocks.
In the central Brooks Range, the type section of the
Kayak Shale is at Shainin Lake (fig. 1; Bowsher and Dutro,
1957) in a thrust sheet of the Endicott Mountains allochthon
(Mull and others, 1987b). The section is about 290 m thick;
two calcareous members separated by at least 40 m of black
shale make up the upper quarter of the formation (Bowsher
and Dutro, 1957). The lower, argillaceous limestone member is as much as 24 m thick (Bowsher and Dutro, 1957)
and consists of locally spiculitic bryozoan wackestone, in-
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terbedded with black shale, which thickens and coarsens
upward into bryozoan-pelmatozoan grainstone (J.A.
Dumoulin, unpub. data). Conodonts from the base and top
of the member are Kinderhookian; the upper collection represents the polygnathid biofacies and denotes a moderately
shallow water, moderate-energy depositional environment
with normal marine salinity (A.G. Harris, unpub. data).
The upper, red limestone member is 5.5 m of coarse- to
very coarse grained, moderately well sorted pelmatozoan
grainstone; it contains common bryozoans and brachiopods,
and Kinderhookian bispathodid conodonts suggestive of a
middle-shelf, high-energy setting (J.A. Dumoulin and A.G.
Harris, unpub. data).
At Atigun Gorge (fig. 1), the Kayak Shale is at least
210 m thick; less than 4 percent of the section is limestone
(Dumoulin and others, in press). Two 4-m intervals of orange-weathering skeletal packstone and grainstone are separated by 152 m of shale. Bioclasts in these limestones are
chiefly pelmatozoans and bryozoans, with minor brachiopods and sponge spicules. Conodonts from the lower limestone are definitively Kinderhookian; those from the upper
limestone are late Kinderhookian or younger. Both collections represent the polygnathid biofacies and indicate deposition in high- to moderate-energy, moderately shallow water
with normal-marine salinity. The limestones are interpreted
as biostromes formed in large part by storm processes.

DISCUSSION
The data reviewed above indicate that Kinderhookian
calcareous strata included in the Kayak Shale are relatively
widely distributed and are found in sequences of the Endicott
Mountains, Picnic Creek(?), and Ipnavik River allochthons,
as well as sequences of uncertain affinity associated with
mafic volcanic rocks. Kinderhookian rocks assigned to the
Lisburne Group, however, occur chiefly in three distinct
types of succession. (1) In the Howard Pass quadrangle,
Lisburne strata of Kinderhookian age are found mainly in
the Endicott Mountains allochthon, where they constitute
an anomalously thin, shallow-water section abruptly succeeded by black, fine-grained siliciclastic rocks of the Kuna
Formation. These Kinderhookian sections represent early,
short-lived establishment of neritic carbonate production
that was extinguished, probably by relative sea-level rise,
by at least early middle Osagean time (Dumoulin and others, 1994). (2) West of the Howard Pass quadrangle,
Kinderhookian limestone included in the Lisburne has been
identified mainly in sequences of the Kelly River allochthon.
These sequences record shallow-water, chiefly carbonate
accumulation that persisted from at least Middle Devonian
through early Late Mississippian time (Dumoulin and Harris, 1992). (3) East of the Howard Pass quadrangle,
Lisburne strata of Kinderhookian age are rare and form the
base of thick, long-lived carbonate platform sequences in
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the Endicott Mountains allochthon. Most Kinderhookian
calcareous rocks throughout the Brooks Range were deposited in moderately shallow, locally or intermittently agitated water, although the lower argillaceous limestone
member of the Kayak at Shainin Lake and some parts of
the Utukok Formation in the western Brooks Range accumulated in quieter, possibly deeper water.
These distribution and lithofacies patterns have two
implications for paleogeographic reconstruction of the western Brooks Range. First, sequences in the Howard Pass
quadrangle that contain the Rough Mountain Creek unit
differ sharply in lithofacies succession from other sequences,
also included in the Endicott Mountains allochthon, that
comprise thick successions of chiefly Osagean through
Chesterian carbonate platform rocks. Such sequences are
exposed in the study area at Mount Bupto and Lisburne
Ridge (fig. 2) and in the western Killik River quadrangle
in the Ivotuk Hills (fig. 2) (Dumoulin and others, 1993;
Dumoulin and Harris, 1993; A.G. Harris, unpub. data). The
abrupt juxtaposition of these contrasting lithofacies
supports the suggestion, based on facies relations in the
central Brooks Range, that there has been significant shortening within the Endicott Mountains allochthon (for example, Dumoulin and others, in press; Moore and others,
1989).
A second implication of our study is that Kinderhookian
calcareous rocks in the Howard Pass quadrangle may represent a secondary source for chiefly Osagean carbonate
turbidites of the Rim Butte unit (Dumoulin and others,
1993). These turbidites, widely distributed throughout the
study area in sequences of the Ipnavik River allochthon,
contain reworked Kinderhookian conodonts of uncertain
provenance. Thrust sheets of the Kelly River allochthon
contain rocks (Utukok Formation) that seem, on the basis
of age, lithofacies, and biofacies, most likely to have produced the turbidites in the Rim Butte unit (Dumoulin and
others, 1993), but these rocks are exposed chiefly west of
the Howard Pass quadrangle. Kinderhookian strata in the
study area, particularly the Rough Mountain Creek unit in
the Aniuk River sequence, do not match as well in all
aspects but do contain at least some of the conodonts (for
example, Siphonodella ) redeposited in the Rim Butte turbidites. In the paleogeographic reconstruction of Mayfield
and others (1988), an epicontinental basin separated rocks
of the Endicott Mountains and Ipnavik River allochthons
during middle Paleozoic time, but this basin may not have
formed until the Late Mississippian (Dumoulin and Harris,
1992). Thus, Kinderhookian calcareous rocks of the Howard
Pass quadrangle may have provided an additional source
for the Rim Butte turbidites.
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By James M. St. John and Loren E. Babcock

ABSTRACT
An unnamed limestone unit in the platform facies of
the White Mountain sequence of the Farewell terrane, southwestern Alaska, contains a rich assemblage of trilobites
indicative of a late Middle Cambrian age. Newly identified
trilobites seem to represent taxa low in the Ptychagnostus
punctuosus Interval-zone that are equivalent to part of the
Mayan Stage of Siberia. Twenty-eight species, some in open
nomenclature, were identified, including five new species.
The platform facies of the White Mountain sequence
of the Farewell terrane contains Proterozoic and Paleozoic
sedimentary rocks. Based mostly on stratigraphic evidence,
the Farewell terrane has been interpreted as native to
Laurentia. However, many trilobite species and nearly all
genera in upper Middle Cambrian strata are of Siberian
biogeographic aspect; other species and genera are widespread in their distribution. Taxa characteristic of Laurentian
open-shelf lithofacies have not been observed. Late Middle
Cambrian trilobites from southwestern Alaska were evidently dispersed between present-day Siberia and Alaska,
perhaps in cool water below a thermocline. Biogeographic
information supports the possibility that Siberia was close
to the Innuitian margin of Laurentia during the Middle
Cambrian.

INTRODUCTION
This paper documents some late Middle Cambrian trilobites from a limestone bed in an unnamed carbonatesiliciclastic unit in the platform facies of the White Mountain
sequence of the Farewell terrane (previously referred to as
the Nixon Fork terrane or subterrane; for example, Patton,
1978; Jones and others, 1987; Babcock and others, 1993)
in southwestern Alaska. The unnamed Middle Cambrian
unit contains two trilobite-rich beds that together yield some
of the most diverse Cambrian trilobite assemblages known
from Laurentia (the North American-Greenland paleocontinent). Taxa present in the succession have important
implications for interpreting the tectonostratigraphic and
paleogeographic history of the entire Farewell terrane. The

trilobites have been mentioned previously (Palmer and others, 1985; Babcock and Blodgett, 1992; Babcock and others, 1993, 1994; St. John and Babcock, 1994; Jacobson and
others, 1996) and described in an unpublished report (St.
John, 1994). Specimens are from limestone deposited in an
inferred deep-shelf environment (see Babcock and others,
1993, 1995; St. John, 1994; St. John and Babcock, 1994)
of a tectonostratigraphic terrane interpreted as native to
Laurentia (Blodgett and Clough, 1985). However, most of
the trilobite species and genera are not of Laurentian biogeographic aspect. Some taxa were widespread in the Middle
Cambrian, but most have closest biogeographic affinities
with taxa previously described from Siberia. This suggests
that some species dispersed between Siberia and the
Innuitian margin of Laurentia, probably in cool water
(<10°C) below a marine thermocline. The close similarity
of southwestern Alaskan and Siberian faunas supports the
hypothesis that the Innuitian margin of Laurentia and Siberia were relatively close during the late Middle Cambrian.

STUDY AREA AND STRATIGRAPHY
STUDY AREA

Trilobites studied here are from a limestone bed in an
unnamed unit that crops out in the Holitna basin in the
Farewell terrane, southwestern Alaska (fig. 1). Trilobitebearing beds are found in a small cliff (approximately 4.5
m high) in the NWV4, sec. 27, T. 11 N., R. 42 W. of the
Sleetmute A-2 quadrangle (l:63,360-scale series; fig. 2).
Fossils are preserved in wackestone that is mostly light
gray in color but is locally reddish or yellowish. Although
fossils are distributed throughout the wackestone at this
locality, trilobites are concentrated in the upper 40-cm-thick
limestone bed. Some specimens were collected in 1984 by
Sohio (now British Petroleum) geologists, and others were
collected in 1984 by R.B. Blodgett (formerly of the U.S.
Geological Survey).
Rocks interpreted as equivalent to those in the Holitna
basin are exposed in the vicinity of Lone Mountain (fig. 1),
southeast of McGrath, Alaska (McGrath C-4 and B-4
269
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quadrangles, l:63,360-scale series), where Proterozoic to
lower Paleozoic stratigraphic relationships are clearer
(Babcock and others, 1993, 1994). However, fossils from
the Lone Mountain area have been highly altered by meta-

morphism and stylolitization. For these reasons, only the
trilobites from the Holitna basin are described in this report, but inferred stratigraphic relationships are based principally on sections in the Lone Mountain area.

Mount Doonerak area
J
Area of figure East.Central Alaska

.-. . . .
.'. . .

^y, s? .-. . . . . .K.-.-.-J
vC?" V*' .'

.'. # . . .

- 62°30'
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J
100 KILOMETERS

Figure 1. Index map of southwestern and west-central Alaska showing location of the platform facies of the White
Mountain sequence of the Farewell terrane (modified from Jacobson and others, 1996). Map areas discussed in text:
Holitna basin, area of Proterozoic and lower Paleozoic sedimentary-rock exposures in an east-west-trending anticlinorium
in the Sleetmute A-2 quadrangle; and Lone Mountain, area of Proterozoic and lower Paleozoic sedimentary-rock exposures
in the vicinity of Lone Mountain, McGrath B-4 and C-4 quadrangles.
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radically exposed Middle Cambrian rocks consisting of
light-brown, thinly bedded, quartzitic siltstones and two
ridge-forming, trilobite-bearing wackestones. The upper
wackestone is interbedded with siltstone near the base (fig.
3). A thick section of black, unfossiliferous, platy lime
mudstones (Upper Cambrian to Lower Ordovician(?);
Jacobson and others, 1996) conformably overlies the Middle
Cambrian rocks. Several thick, ridge-forming carbonate
breccia beds occur near the base of the black, platy lime
mudstone unit (fig. 3). These carbonate breccia beds are
inferred to have been deposited in relatively deep water,
perhaps in a slope or basinal environment similar to that
known from the Mount Doonerak area in north-central
Alaska (fig. 1; Julian, 1989; Dumoulin and Harris, 1994),
and elsewhere in Laurentia (for example, Jacobson and others, 1996, and references therein).
TECTONOSTRATIGRAPfflC TERRANE DEFINITION

The platform facies of the White Mountain sequence
of the Farewell terrane (Decker and others, 1994) refers to
rocks previously mapped as parts of the Nixon Fork,
Dillinger, East Fork, and Minchumina terranes by Jones
-and others (1987). The platform facies consists primarily
of a thick succession of lower Paleozoic carbonate rocks
overlain by upper Paleozoic and Mesozoic quartz-carbonate terrigenous deposits (Patton, 1978). In addition to Paleozoic and Mesozoic rocks, Late(?) Proterozoic age rocks
were recently identified in part of the succession (Babcock
and others, 1994; Jacobson and others, 1996). Within the
White Mountain sequence, shallow-water platform rocks
of early to middle Paleozoic age grade laterally to the east
into deeper water basinal lithofacies (Blodgett, 1983a;
Bundtzen and Gilbert, 1983; Gilbert and Bundtzen, 1983;
Blodgett and Clough, 1985; Blodgett and Gilbert, 1992a, b;
Decker and others, 1994).
The provenance of rocks in the Farewell terrane has
been the subject of changing interpretation. In an early
interpretation, Coney and others (1980) considered the terrane to be exotic to North America because of its perceived
position beyond the Paleozoic Cordilleran passive margin
of Laurentia and its proximity to other terranes considered
to be exotic. More recently, numerous workers interpreted
the terrane as native to Laurentia (Potter and others, 1980;
Plumley and others, 1981; Plumley and Coe, 1983; Blodgett,
1983a, 1983b; Churkin and Whitney, 1983; Gemuts and
others, 1983; Potter, 1984; Vance-Plumley and others, 1984;
Blodgett and Clough, 1985; Rohr and Blodgett, 1985; Potter and Blodgett, 1992; Babcock and others, 1993), based
on paleomagnetic, paleontologic, stratigraphic, and structural data. Stratigraphic evidence indicates that the Farewell
terrane was an extension of continental Laurentia that was
disrupted by major transform faults (Blodgett and Clough,
1985). According to present coordinates, platform facies
occur to the northwest and basinal facies to the southeast.

BIOSTRATIGRAPHY
Trilobites described here probably represent the lower
part of the upper Middle Cambrian Ptychagnostus
punctuosus Interval-zone or, less likely, both the upper
Middle Cambrian P. atavus and the P. punctuosus Interval-zones of Robison (1984). Correlation of the fauna is
based primarily on agnostoid trilobites and, to a lesser extent, on other trilobites (table 1). Agnostoids are the most
useful trilobites for global biostratigraphic correlation of
the Middle Cambrian (Robison, 1984), but such key
agnostoid genera as Ptychagnostus and Lejopyge are not
present in the Alaskan collections. Most of the nonagnostoid (libristomate and corynexochoid) genera are long
ranging, which limits their value for biostratigraphy.
The biostratigraphic distributions of trilobite genera and
species recorded here are summarized in table 1. Almost
all the taxa have been recorded from strata of the
Ptychagnostus punctuosus Interval-zone of Robison (1984),
but most are also present in the P. atavus Interval-zone.
Such rare taxa as Juraspis, Tchaiaspis, Hartshillia clivosa,
and Bailiaspis picta have imperfectly known paleogeographic and biostratigraphic ranges in eastern Siberia.
Megagnostus? laevis, Juraspis schabanovi, and Tchaiaspis
n. sp. occur near the P. atavus-P. punctuosus Interval-zone
boundary in eastern Siberia. Preference for a P. punctuosus
Interval-zone assignment for the Alaskan collections is based
on the presence of Megagnostus? resecta, which is found
only in the P. punctuosus Interval-zone in Sweden, Denmark, and Spain. The zonal interpretation is further supported by correlation with a similar fauna from the lower
Centropleura oriens Zone (=lower Anomocarioides
limbataeformis Zone of Egorova and others, 1982) of Siberia (Shabanov and others, 1967), which seems to be equivalent to the P. punctuosus Interval-zone. Together, range
data for trilobite species from Siberia (Egorova and others,
1982) and Alaska suggest a modified correlation scheme
for comparing upper Middle Cambrian strata of Siberia
with strata from elsewhere (fig. 4).

BIOGEOGRAPHY
Paleobiogeographic distributions of trilobites (figs. 57) from the platform facies of the White Mountain sequence
of the Farewell terrane are summarized in table 2. The
agnostoid trilobites (Linguagnostus, Peronopsis,
Megagnostus, and Peratagnostus) have widespread distributions. Of the other trilobites, nearly all previously identified species are known from Siberia (table 2), where they
are present in outer-shelf lithofacies (Korobov, 1973;
Egorova and others, 1982). Three species are also known
from the paleocontinent Baltica (present-day Scandinavia),
and at least one species is present in peri-Gondwanan terranes (present-day Spain, England, and eastern Newfound-
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Table 1. Biostratigraphic distribution of trilobite genera and species reported here from an unnamed upper Middle Cambrian limestone
unit in the Holitna basin, Sleetmute A-2 quadrangle, southwestern Alaska
[Biostratigraphic range extensions into the Ptychagnostus punctuosus Interval-zone are here documented for Proampyx difformis, Bailiaspis picta,
Hartshillia clivosa, Tchaiaspis n. sp., and Granularaspis.]

Taxa
Linguagnostus gronwalli
Peronopsis
Megagnostus? laevis
Megagnostus? resecta
Peratagnostus deer
Proampyx acuminatus
Proampyx difformis
Juraspis schabanovi
Bailiaspis picta
Dasometopus breviceps
Hartshillia clivosa
Tchaiaspis korobovi
Corynexochus perforates
Kootenia
Anopolenus henrici
Paradoxides
Solenopleura
Parasolenopleura

Agnostoid Interval-zones (Robison, 1984)
Ptychagnostus gibbus Ptychagnostus atavus Ptychagnostus punctuosus Lejopyge laevigata
Interval-zone
Interval-zone
Interval-zone
Interval-zone
X
X
XX
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X?
X
XX
X
XX
X
XX
X
XX
X
X
X
X
XX
XX
X
X

Agnostoid
interval-zones

Siberian
assemblagezones

Lejopyge laevigata

Lejopyge laevigataAldanaspis truncata

Anomocarioides
limbataeformis

Ptychagnostus
punctuosus

^^-^_

Anopolenus henrici

Ptychagnostus atavus
Ptychagnostus gibbiis

Tomagnostus fissusParadoxides hicksi

Figure 4. Proposed biostratigraphic correlation
between Siberia (where trilobite assemblage
zones are used) and elsewhere (using agnostoid
interval-zones of Robison, 1984). Correlation is
based on a comparison of the first appearances
of key agnostoid species in Siberia (according
to Egorova and others, 1982) and their appearances worldwide relative to Robison' s (1984)
interval-zones.
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land). Other trilobites identified only to genus level have a
Siberian or Baltic biogeographic aspect (Solenopleura and
Parasolenopleura), were widespread (Paradoxides), or were
pantropical (Kootenia) during the Middle Cambrian. The
co-occurrence of cool-water (for example, Paradoxides and
Solenopleura) and pantropical (for example, Kootenia) trilobite taxa is common in environments that had open-ocean
access when those areas were in low paleolatitudes (for
example, Babcock, 1994b). This co-occurrence is difficult
to explain but may be the result of some pantropical genera
such as Kootenia containing both cool-water-adapted species and warm-water-adapted species. However, the possibility that some species were rather eurytopic with respect
to water temperature cannot be ruled out.
Biogeographic evidence suggests that the unnamed unit
of the Farewell terrane was deposited in an area influenced
by cool water, probably below the thermocline. Dispersal
of trilobites of extra-Laurentian aspect in cool-water marine environments accounts for their presence in a native
Laurentian terrane (see Babcock, 1994a, b; St. John and
Babcock, 1994). This explanation has been used to account
for the presence of putative cool-water trilobites of extraLaurentian aspect in other Middle or Upper Cambrian, autochthonous Laurentian rocks from North Greenland
(Babcock and Robison, 1989; Babcock, 1990; Babcock,
1994a, b) and Nevada (Cook and Taylor, 1975; Taylor and
Cook, 1976; Taylor, 1976; Babcock, 1990). Importantly, a
Middle Cambrian trilobite assemblage from an autochthonous terrane in the Mount Doonerak area of north-central
Alaska (Dutro and others, 1984) also includes taxa having
either a Siberian aspect or widespread distribution, but
Middle Cambrian faunas from autochthonous Laurentian

Figure 5. Upper Middle Cambrian trilobites from a limestone
bed in the platform facies of the White Mountain sequence of the
Farewell terrane, Sleetmute A-2 quadrangle, Alaska; all specimens
are testaceous unless otherwise noted and are located at The Ohio
State University. A-D, Linguagnostus groenwalli Kobayashi: A,
cephalon; B, pygidium; C, cephalon; D, pygidium; all x6. E-I,
Megagnostus? laevis Pokrovskaya: E, cephalon; F, pygidium; G,
pygidium (same specimen as in F) in lateral view; H, cephalon; I,
cephalon (same specimen as in H) in lateral view; all x5. J, K,
Peratagnostus deer Tullberg: J, cephalon; K, pygidium; both x6.
L, Peronopsis sp., broken pygidium, x5. M, N, Megagnostus?
resecta Gro'nwall: M, cephalon; N, pygidium; both x4. O,
undetermined agnostoid 1, cephalon, x6. P, undetermined
agnostoid 2, broken cephalon, x5. Q, undetermined agnostoid 3,
broken cephalon?, x5. R, Kootenia"! sp., pygidium, x2. S-X,
Kootenia n. sp.: S, cephalon, x2; T, cephalon, x3; U, labrum, x3;
V, pygidium, x2; W, pygidium, latex cast of external mold, x3;
X, pygidium, x2.
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rocks of east-central Alaska (Palmer, 1968) have biogeographic affinities with shallow-water, open-shelf lithofacies
of Laurentia. Biogeographic distributions of Middle Cambrian Alaskan trilobites thus provide additional evidence
for the existence of a permanent thermocline during the
Middle Cambrian (see Babcock, 1994a, b).
The seemingly anomalous absence of some cosmopolitan open-shelf agnostoid taxa, such as Ptychagnostus and
Hypagnostus, from the Farewell terrane may be explained
by paleogeography. An embayment created adjacent to the
peninsular extension of the Farewell terrane (see Blodgett
and Clough, 1985) during the Middle Cambrian may have
been restrictive enough to prevent water masses from delivering many open-shelf agnostoid taxa to the area that is
now the Holitna basin.
The large number of trilobite taxa shared between
inferred cool-water lithofacies of the Farewell terrane
and Siberia suggests that Siberia may have been relatively
close to the southwest Alaskan sector of the Innuitian margin of Laurentia during the late Middle Cambrian (fig. 8).
Close proximity of these two areas during the Paleozoic
was previously suggested by Hoffman (1991) and Condie
and Rosen (1994). The hypothesis is also supported by
other paleobiogeographic evidence from the Farewell terrane (Blodgett, 1983a, b; Potter, 1984; Blodgett and
Gilbert, 1992b) and from a native Laurentian terrane in
the Mount Doonerak area of the central Brooks Range
(Dutro and others, 1984). Other regional geological data
further support the hypothesis that Siberia was either a
rift partner with the Cordilleran margin of Laurentia
during the Late Proterozoic to early Paleozoic (Sears and
Price, 1978) or was positioned close to the Innuitian
margin of Laurentia (Hoffman, 1991; Condie and Rosen,
1994).
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Figure 6. (p. 277) Upper Middle Cambrian trilobites from a
limestone bed in the platform facies of the White Mountain
sequence of the Farewell terrane, Sleetmute A-2 quadrangle,
Alaska; all specimens are testaceous unless otherwise noted and
are located at The Ohio State University. A, B, Proampyx difformis
Angelin: A, cranidium; B, cranidium, latex cast of external mold;
both x3; C, D, Proampyx acumiriatus Angelin: C, cranidium,
latex cast of external mold; D, cranidium; both x3. E, Proampyx!
sp., pygidium, x3. F, Proampyx! sp., pygidium, x3. G-K, Juraspis
n. sp.: G, cranidium, latex cast of external mold; H, cranidium; I,
pygidium, latex cast of external mold; J, pygidium; K, partly
exfoliated librigena; all x3. L, Juraspis schabanovi Egorova in
Egorova and Shabanov; dorsal shield having some sclerites
displaced, x3. M, N, Hartshillia clivosa Lazarenko: M, cephalon;
N, cephalon (same specimen as in M) in lateral view; both x3. O,
Juraspis! sp., incomplete exoskeleton, x2. P-Q, Dasometopus
breviceps Angelin: P, cephalon, x4; Q, cephalon, latex cast of
external mold, x3. R-U, Tchaiaspis n. sp.: R, incomplete cephalon,
latex cast of external mold, xl.25; S, cephalon, x2; T, cephalon
(same specimen as in S) in frontal view, x2; U, incomplete
cephalon, xl.25. V,W, Bailiaspis picta Korobov: V, cephalon,
xl.25; W, cephalon, xl.5. X, Y, Bailiaspis sp.: X, incomplete

Table 2. Biogeographic distribution of trilobite genera (G) and species (s) reported from an unnamed
upper Middle Cambrian limestone unit in the Holitna basin, Sleetmute A-2 quadrangle, southwestern
Alaska.
[Abbreviations: CR, Canadian Rocky Mountains; AP, Appalachia; EN, eastern Newfoundland; GB, Great Basin; NG,
North Greenland; AU, Australia; AN, Antarctica; SC, South China; SB, Siberia; SD, Scandinavia; UK, England south
of the Caledonian suture; BO, Bohemia; WE, western Europe (Spain and France); AK, eastern and central Alaska;
NA, northern Africa (Morocco).]

CR AP EN
G G G
G G?
- G G?
s s
Proampyx acuminatus
Proampyx difformis
Juraspis schabanovi
Bailiaspis picta
G
Dasometopus breviceps
Hartshillia clivosa
G
Tchaiaspis n.sp.
Corynexochus perforatus G - G
Kootenia n.sp.
G G Granularaspis n.sp.
s
Anopolenus henrici
Paradoxides n.sp.
- G G
Solenopleura sp.
? G Parasolenopleura sp.
Taxa
Linguagnostus gronwalli
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Figure 7. (p. 278) Upper Middle
Cambrian trilobites from a limestone
bed in the platform facies of the White
Mountain sequence of the Farewell
terrane, Sleetmute A-2 quadrangle,
Alaska; all specimens are testaceous
unless otherwise noted and are located
at The Ohio State University. A-I,
Paradoxides n. sp.: A, cranidium,
xl.25; B, broken labrum, xl.5; C,
broken librigena, xl.25; D, cranidium,
xl.5; E, pygidium, latex cast of external
mold, x2.5; F, pygidium, x3; G, broken
anterior thoracic segment, xl.25; H,
broken posterior thoracic segment,
xl.25; I, malformed (teratologic?)
pygidium showing lateral asymmetry
and anomalous small spine on the right
side, x2. J, Anopolenus henrici Salter,
cranidium, xl.5. K, Corynexochus cf.
C. perforates Lermontova, broken
cranidium, x7. L, M, undetermined
polymeroid 1: L, broken cranidium; M,
broken cranidium; both x3. N,
undetermined polymeroid 2, incomplete
librigena having long genal spine, xl.
O-Q, Parasolenopleura sp.: O, broken
cranidium, x3; P, cranidium, x4; Q,
pygidium, x2. R-T, Solenopleura sp.:
R, broken thoracic segment on same
slab as specimen in T, x4; S, broken
cranidium, x2; T, pygidium, x4. U,
Granularaspis n. sp., broken cranidium,
xl.5.
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30° N

Figure 8. Paleogeographic map showing hypothesized relative positions of
paleocontinents and other major tectonic blocks in the late Middle Cambrian. The
map is hybridized from some published sources (mostly the ~500-Ma reconstruction
in Hoffman, 1991, and the Middle Cambrian reconstruction in Scotese and McKerrow,
1990) and inferences from biogeographic distributions of trilobites discussed in this
paper. Dotted lines indicate margins of some major, present-day geographic features
and are given for reference only. Black square indicates inferred paleogeographic
position of the platform facies of the White Mountain sequence during the Middle
Cambrian based on information in Plafker and Berg (1994). Approximate positions
of most biogeographic regions discussed elsewhere in this paper are shown by twoletter abbreviations (see table 2). During the Middle Cambrian, most landmasses are
inferred to have been located between 30"N. and 70°S. latitude; those positions are
indicated for reference.
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Apatite Fission-Track Thermotectonic History of Crystalline
Rocks in the Northern Saint Elias Mountains, Alaska
By Paul B. O'Sullivan, George Plafker, and John M. Murphy

ABSTRACT
Apatite fission-track data for 13 crystalline rock samples
indicate rapid regional Neogene denudation within the northern Saint Elias Mountains in Alaska. All samples but one
record rapid Pliocene and early Pleistocene cooling (4.51.3 Ma) in all major structural blocks. The one exception is
from a diorite block in melange of the coastal foothills that
yields a late Miocene age (9.5±2.3 Ma). Calculated denudation rates for the group of 12 young samples average
from 1.5 to 1.9 km/Ma, and the rates are fairly uniform
over most of the area sampled. Exposure of these samples
at the surface today requires about 4.5-8 km of
denudation since the samples began cooling below
paleotemperatures of about 110°C. Continued rapid denudation of the region is indicated by local Holocene marine
terraces, by coseismic uplift of shorelines, and by extreme
topographic relief in an alpine environment that is characterized by high erosion rates.

INTRODUCTION
The purpose of this study was to obtain rocks suitable
for apatite fission-track dating and to relate these data to
the thermotectonic history of the northern Saint Elias Mountains and the adjacent foothills and lowlands in Alaska.
Fission tracks in apatite grains preserve a record of the
thermal history of the host rock below temperatures of approximately 110°C, making them ideal for testing models
of denudation of upper-crustal rocks (Naeser, 1979; Gleadow
and others, 1986). Quantitative laboratory and natural annealing studies have shown that for geologic time intervals
on the order of 106-108 yr, fission-track ages and the lengths
of confined tracks are reduced when apatite is subjected to
temperatures between approximately 60 and 110°C
(Gleadow and others, 1986). The length reduction of confined tracks in apatite results in reduction of the fissiontrack age. Thus, the fission-track age, combined with the
length distribution of the confined tracks, directly reflects

the thermal history of the host rock below 110°C (Gleadow
and others, 1986).
The northern Saint Elias Mountains and the adjacent
foothills are of particular interest for fission-track studies
because the topography, geology, and historic earthquake
data all indicate late Cenozoic tectonic uplift in this region.
Furthermore, this region is an ideal location for fissiontrack denudation studies because of a fortuitous combination of high topographic relief, an abundance of apatitebearing crystalline rocks, availability of thermal data and
samples from deep exploratory wells along the coastal lowlands, and a good regional geologic framework (Plafker
and others, 1994a; G. Plafker, unpub. data) within which to
interpret the fission-track data.
In this paper we present the data and interpretations
of 13 fission-track analyses of apatite from crystalline
rocks from the Yakutat and Mount Saint Elias 1:250,000
scale quadrangles of the northern Saint Elias Mountains in
Alaska (fig. 1). Sample location, elevation, crystallization
age, and lithology are given in table 1; the fission-track
analytical data are presented in table 2. The time scale used
throughout this manuscript was that of Harland and others
(1990).
Samples were collected during a U.S. Geological Survey regional geologic mapping and mineral resource assessment project from 1967 to 1969 and during subsequent
field work between 1978 and 1989. The fission-track
samples used in this study had been previously dated by KAr or U-Pb methods or were from intrusive bodies of known
age. All the fission-track samples are from granitoid rocks
of intermediate composition except for one (#2) which is a
granulitic quartzofeldspathic schist. The K-Ar and U-Pb
dates provide protolith crystallization ages of the samples,
whereas the apatite analyses provide data on denudation
rates above a depth that corresponds to the annealing temperature of about 110°C. The samples analyzed for fission
tracks represent all of the major lithotectonic blocks in the
area with the exception of the Mount Cook block, and were
chosen to provide the broadest possible geographic distribution and the maximum range in elevations.
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PREVIOUS WORK

TECTONIC SETTING

The field relations, petrology, and isotopic ages of the
samples collected in 1967-69 are given in Hudson and others (1977a, b). Data on the 1978-89 samples, as well as a
summary of the regional geologic setting and tectonic evolution, were presented by Plafker and others (1994a, and
references therein). Ages of all the K-Ar samples in the
study area have been compiled by Wilson and others (1994).
There are no other published apatite fission-track studies in the Alaska segment of the Saint Elias Mountains. To
the north, in the Mount Logan region of Canada (fig. 1),
fission-track analyses were made from samples collected in
vertical profiles of the mountain (Parrish, 1981; O'Sullivan
and others, 1995; O'Sullivan and Currie, 1996). These studies found apatite fission-track ages that range from about
40 Ma at the top (>6,000 m) to about 4 Ma at the base of
the mountain (< 1,000 m) and zircon fission-track ages of
about 43 Ma throughout the section. Interpretation of these
data suggests that Mount Logan experienced three periods
of rapid cooling during the middle Eocene, middle Miocene, and Pliocene as the result of episodes of kilometerscale denudation (O'Sullivan and others, 1995; O'Sullivan
and Currie, 1996).

The Yakutat-Saint Elias area lies near a complex junction between the northwest-trending Fairweather-Queen
Charlotte dextral transform fault and a belt of east- to northeast-trending folds, thrust faults, and oblique thrust faults
that characterizes the extension of the Aleutian convergence zone across the continental shelf to the transform
boundary (fig. 2). South of the study area, the Pacific plate
is moving to the northwest at a rate of 5.2 cm/yr with
respect to the North American plate (DeMets and others,
1990). This direction is at a slight oblique angle to the
northwest-trending Fairweather-Queen Charlotte dextral
fault system and at an angle of up to 30° to major structures west of Yakutat Bay, which trend dominantly eastwest to northeast.
The allochthonous Yakutat terrane is bounded on the
north by the Fairweather and Chugach-Saint Elias faults
and is tightly coupled to the Pacific plate (Lahr and Plafker,
1980). Geologic evidence suggests that for the past 100,000
yr, strike-slip motion on the Fairweather fault has kept pace
with the Pacific plate motion (Plafker and others, 1978).
Total Neogene displacement on the Fairweather-Queen
Charlotte transform system is on the order of 600 km
(Plafker and others, 1994a). Seismologic data for the Saint
Elias earthquake of 28 February 1979 (Ms=7.1) and its
aftershocks indicate southeastward displacement of the upper plate at the interface with the underthrusting combined
Pacific plate and Yakutat terrane in a focal region that
includes much of the mountain belt west of Yakutat Bay;
depth of the interface in this area is poorly constrained at
about 15 km (Lahr and others, 1979; Stephens and others,
1980; Perez and Jacob, 1980). Thus, the combined Yakutat
terrane and Pacific plate are actively underthrusting the
region north of the Chugach-Saint Elias fault, and compressive shortening is taken up in a broad belt of late Cenozoic folds and dip-slip to dextral-oblique thrusts to the south.
Partly as a consequence of this underthrusting and crustal
thickening, the Yakutat-Saint Elias area has experienced
tectonic deformation, uplift, and deep erosion since middle
to late Miocene time (Plafker and others, 1994a, and references therein).
Five major faults or systems of faults divide the study
area into six large tectonic blocks (fig. 1). From northeast
to southwest these structural boundaries are the (1) Border
Ranges fault, (2) Seward-Valerie-Fairweather faults, (3)
Saint Elias fault, (4) Chaix Hills fault, and (5) Boundary
fault. In part, these faults coincide with boundaries of the
major tectonostratigraphic terranes (fig. 2). Thus, the Border Ranges fault juxtaposes the undifferentiated Wrangellia
and Alexander terranes (Wrangellia composite terrane) on
the north against the Chugach terrane to the south, and the
Seward-Valerie-Fairweather fault system juxtaposes the
Chugach terrane against the Yakutat terrane to the south

GEOGRAPHIC SETTING
The northern Saint Elias Mountains are high, rugged
mountain ranges that contain extensive icefields and glaciers and include some of the most dramatic topographic
relief in the world, ranging from sea level to 6 km (fig. 1).
In Alaska, these mountains include Mount Saint Elias (5,489
m), the third highest peak on the North American continent, and in the vicinity of the international boundary with
Canada, many other peaks and ridges that rise above 4,000
m. Mount Logan (6,050 m), the second highest peak in
North America, lies just north of our study area in Canada.
On the south side of the mountain range is a rugged "foothills" belt as much as 50 km wide in which local relief on
the ridges and peaks ranges from several hundred meters to
2,000 m.
The larger glaciers and ice fields in the high central
part of the mountains have surface elevations between 1,500
m and 2,600 m. Glaciers on the south side of the range
drain southward across the "foothills" into Malaspina Glacier and Yakutat Bay and across the coastal lowland southeast of Yakutat Bay to the Gulf of Alaska. Because glaciers
that drain to the south extend nearly to the coast, rivers in
the area are short with the exception of the Alsek River,
which crosses the range in the southern part of the area.
Outwash deposited by these energetic glacial streams, together with glacial moraine and beach deposits, comprise a
lowland of variable width along much of the coast.
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(Plafker and others, 1994a). The Yakutat terrane is interpreted as a segment of the Chugach terrane that is overlain
by a distinctive Tertiary sequence and was displaced some
600 km northward along the Fairweather fault from the
continental margin of southeastern Alaska south of Chatham
Strait (Plafker and others, 1994a). Some of these faults,
and all of the major faults that define terrane boundaries,
are inferred to extend to considerable depths, possibly to
the base of the continental crust. Of these, only the
Fairweather fault is known to be historically active, although there has been post-Pliocene displacement on the
Chaix Hills fault and probable post-Oligocene displacement on the Chugach-Saint Elias fault (Plafker and others,
1994b, and references therein).
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The Fairweather fault experienced dextral displacements
of between 1 and 4 m along its entire onshore length in
1958 during a 7.9 magnitude earthquake (Plafker and others, 1994b). A series of very large earthquakes in 1899-90
resulted in widespread coseismic tectonic uplift of as much
as 14.4 m along the shores of Yakutat Bay and along the
outer coast as much as 150 km west of Yakutat Bay (Tarr
and Martin, 1912). Although the causative faults have not
been definitively identified, dislocation models of the vertical shoreline deformation are most compatible with slip
on at least three north- to northeast-dipping thrust faults or
blind thrusts that deform the shorelines of Yakutat Bay
south of the Chaix Hills and Boundary faults (Plafker and
Thatcher, 1982; Plafker and others, 1994b).

Figure 1. Map of study area showing locations, map numbers (see tables 1 and 2), and fission-track
ages of 13 fission-track samples. Major structural blocks are distinguished by differences in shading.
The solid sample location symbols (diamonds, triangles, circles, squares, and inverted triangles)
differ for each of the structural blocks. Open arrows indicate general direction of increasing
metamorphic gradient within structural blocks. Open circles with barbs in the coastal lowland indicate
locations of dry petroleum exploration wells. Geology modified from Hudson and others (1977b)
and Plafker and others (1994a). See tables 1 and 2 for sample data.
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Table 1. Data for apatite fission-track samples from the northern Saint Elias Mountains in Alaska
'Map
number

2Fission-track
sample number

Quadrangle

3 K-Ar/U-Pb
age (Ma)

Elevation
(fVm)

4Fission-track
age (Ma)

Lithology

South of (he Boundary fault

1

Yakutat D-4

160±3.5(h)

2,650/808

9.5±2.3

Quartz diorite

2

68APR72B2/
63APR196
68APS57F

Yakutat A-l

2,400/732

2.4±0.6

Quartzofeldspathic biotite
schist

3

68APR77D

Yakutat A-l

4.1±0.12(b),
3.8±0.15(b)
(re-run)
48.2±6 (b)

1,875/571

1.3±0.3

Biotite adamellite

Between Boundary fault and Fail-went her fault

4

67APR42A

Yakutat D-4

51.1±3(h)

2,025/617

2.8±0.4

Diorite

5

67APR42B

Yakutat D-3

42.7±2 (b),
48.4±2 (m)

2,335/712

3.1±0.8

Adamellite

3.2±0.5

Quartz diorite

Mount Saint Elias

69APR54A
(re-run)

St. Elias B-8

54.1±1.7(h)

11,000±1,500/
3,353±457

Between Fainveathcr fault and Border Ranges fault

7

81 APRS

St. Elias B-4

50.9±3.9 (h)

7,650/2,332

3.4±1.3

8

69APR32A

St. Elias B-5

46.8±1 (m)
44.6±1 (b)

8,200/2,499

4.4±1.0

Foliated hornblende
diorite
Granodiorite

9
10

69APR40A2
67APR78A

St. Elias A-5
St. Elias A-4

5,000/1,524
3,025/922

1.7±0.4
3.5±1.2

Granodiorite?
Tonalite

11

80APR49A

Yakutat D-3

4,100/1,250

2.7±0.7

12

78APR8
67APR94C
(re-run)

Yakutat B-l

30.6±1 (b)
20.9±3 (m)
18.5±1 (h)
36.2±1.4(b),
37.1±1.4(b)
34.7±1.0(z)
23.1±2.0(b)

2,000/600

2.5±0.7

Biotite muscovite
tonalite
Granite

4.5±0.9

Hornblende diorite (altered)

North of Border Ranges fault

13

69APR31B

St. Elias B-4

279±8 (h)

6,000/1,829

Locations shown on figure 1.
Where two numbers are shown, the isotopic age and fission-track ages were determined on different closely-spaced samples from the same pluton.
All are K-Ar analyses except for U-Pb zircon age given for sample #12 (78APR8). Dated mineral phases shown in parentheses as follows: b-biotite, m-muscovite, hhomblende, z-zircon. The K-Ar ages have been compiled by Wilson and others (1994); the U-Pb zircon age is by T.W. Stem (U.S.G.S., written commun., 1979).
See table 2 for analytical data.

GEOLOGIC SETTING OF THE ANALYZED
SAMPLES
The Hubbard block north of the Border Ranges fault
consists of early and middle Paleozoic volcanic-arc and
oceanic-plateau rocks of the Wrangellia composite terrane.
The bedded rocks are intruded and metamorphosed to
greenschist facies by alkalic Middle Pennsylvanian plutons,

large foliated quartz diorite and tonalite plutons of Late
Jurassic age, and smaller nonfoliated plutons of mid-Cretaceous and Tertiary age. The only fission-track sample (#13)
from this block is an altered hornblende diorite from a
large pluton that has a K-Ar age of 279±8 Ma.
The Fairweather-Art Lewis block between the Border
Ranges fault and the Seward-Valerie-Fairweather faults
consists of an accretionary complex of Cretaceous flysch
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Table 2. Fission-track analytical results for the northern Saint Elias Mountains in Alaska
[Standard and induced track densities measured on mica external detectors (g=0.5), and fossil-track densities on internal mineral surfaces. Parentheses show number of
tracks counted. Ages for apatite samples calculated using £=379.2±3 for dosimeter glass CN5 (analyst: P. O'Sullivan)]

Map
number

Number
of grains

(fig. 1)
1

25

2

25

3

25

4

25

5

25

6

25

7

18

8

25

9

25

10

25

11

25

12

25

13

25

Induced
track density

Chi square
probability

Fissiontrack age

Uranium

Mean track
length

Standard
deviation

(xl06 ciiT2 )

Fossil
track
density
(xl05 cm-2 )

(xl06cnr2 )

(Percent)

(Ma)

(ppm)

(um)

(urn)

1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)
1.449
(5654)

32.81
(18)
23.46
(16)
21.62
(14)
87.02
(44)
25.13
(14)
33.99
(37)
35.04
(7)
35.29
(22)
22.53
(18)
824.2
(8)
27.47
(17)
21.89
(13)
30.97
(24)

94.98
(521)
2.713
(1850)
4.567
(2958)
8.546
(4321)
2.206
(1229)
2.907
(3164)
2.838
(567)
2.186
(1363)
3.639
(2908)
65.52
(636)
2.7991
(1727)
2.413
(1433)
1.871
(1450)

95.8

9.5 ±2.3

8.2

0.77

83.6

2.4 ±0.6

23.4

82.8

1.3 ±0.3

39.4

8.1

2.8 ±0.4

73.7

85.2

3.1 ±0.8

19.0

86.4

3.2 ±0.5

25.1

94.9

3.4 ±1.3

24.5

83.2

4.4 ±1.0

18.9

88.1

1.7 ±0.4

31.4

3.1

3.5 ±1.2'

5.7

99.3

2.7 ±0.7

24.1

77.1

2.5 ±0.7

20.8

58.6

4. 5 ±0.9

16.1

14. 3 ±0.2
(17)
14.0 ±0.3
(33)
13.9 ±0.2
(44)
14.0 ±0.3
(22)
14.1 ±0.3
(17)
14.1 ±0.2
(81)
14. 5 ±0.3
(6)
14.0 ±0.3
(21)
14.1 ±0.2
(45)
13.8 ±0.2
(16)
14.4 ±0.2
(26)
14.1 ±0.3
(10)
13.5 ±0.2
(62)

Standard
track density

1.21
1.10
1.26
1.27
1.19
0.87
1.27
1.17
1.25
1.20
0.98
1.27

' Central age, used where pooled data fail fT. test at <5 percent. Errors quoted at ±lo.

and mafic volcanic rocks (Chugach terrane) that have been
highly deformed and variably metamorphosed from
greenschist to amphibolite grade. Intrusive rocks within this
sequence include widespread felsic stocks, sills, and dikes
of dominantly Paleogene age. All six fission-track samples
from this block (#7-12) are from small- to moderate-sized
plutons of intermediate composition that have K-Ar ages
between about 20 to 50 Ma (Wilson and others, 1994). One
fission-track sample (#12) from a granite in the southern
part of the block has a conventional U-Pb age of 35 Ma
(T.W. Stern, U.S.G.S., written commun., 1979); a sample
from a nearby locality in the same pluton has a K-Ar age
of 23.1 Ma. The U-Pb age likely dates the time of intrusion, whereas the K-Ar age probably represents a reset age
due to local intrusive activity between approximately 17
and 23 Ma.
The Saint Elias block between the Seward and Saint
Elias faults consists of epidote amphibolite and amphibolite-facies metavolcanic rocks and pelitic schist with a distinctive east-west structural grain. The metamorphic rocks
are intruded by Paleogene plutons and undated gabbro. This
block may be a sliver of the Chugach terrane that was

transferred to the south side of the Fairweather fault and
subsequently displaced some 200 km to the northwest by
dextral slip along the fault (Plafker and others, 1994a). The
one fission-track sample from this block (#6) is from a
small felsic intrusive exposed on the sheer south face of
Mount Saint Elias between about 3,000 and 3,800 m as
determined by helicopter altimeter. The sample analyzed is
one of several felsic plutonic rocks that were collected from
float on Libbey Glacier at the base of the south face; three
of the samples collected yielded K-Ar ages that range from
35 to 56 Ma.
The Boundary-Fair weather block is a sliver of probable Yakutat terrane flysch and melange that has been variably metamorphosed between greenschist and amphibolite
facies by emplacement of extensive Paleogene plutons. Two
closely spaced fission-track samples (#4, 5) are from large
plutons of intermediate composition in this block. K-Ar
ages of the samples are 51.1 Ma and 42.7-48.4 Ma, respectively.
The Malaspina-Yakutat Foothills segment of the
Yakutat terrane that lies south of the Chaix Hills and Boundary faults has a basement of allochthonous Cretaceous flysch
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and melange intruded by Paleogene plutons and small mafic bodies of Miocene age. Metamorphic grade is dominantly lower zeolite facies except in one area north of Alsek
River, where rocks reach amphibolite grade in a structural
high. Basement rocks are overlain by a Tertiary sequence
that includes more than 12,000 m of Eocene and younger
continental, paralic, and marine, predominantly clastic sediments that are locally intruded by mafic plugs and dikes of
probable Miocene age. One fission-track sample east of
Yakutat Bay is from a quartz diorite block in melange (#1);
although an isotopic age was not determined for this sample,
a nearby sample from the same block has a K-Ar age of
160 Ma, and this is assumed to be the minimum protolith
age for the entire block. The sample west of Alsek River
(#2) is a quartzofeldspathic schist in an area of anomolously
high metamorphic grade that has K-Ar ages of only 3.8-4.1
Ma. The sample east of Alsek River (#3) is from a large
adamellite pluton that has a K-Ar age of 48 Ma.
LONG-TERM DIFFERENTIAL UPLIFT AND
TILTING INDICATED BY METAMORPHIC
FACIES UNITS
Metamorphic rocks in the Yakutat-Saint Elias area underwent a penetrative deformation in Late Cretaceous to
early Tertiary time (about 58-67 Ma). Subsequent deformation in the Miocene (17-23 Ma) was accompanied by
emplacement of small epizonal igneous intrusions and by
local thermal recrystallization (Hudson and others, 1977b).

Mapped metamorphic facies show many discontinuities
across major faults that are suggestive of postmetamorphic
differential uplift between crustal blocks (Hudson and others, 1977b). Furthermore, regional metamorphic gradients
within blocks indicate that (1) the Saint Elias, Mount Cook,
and Boundary-Fairweather blocks are tilted downward to
the west or northwest parallel to their general structural
grains; (2) the Fairweather-Art Lewis block is tilted downward to the northwest and southeast, flanking a high located northeast of Yakutat Bay; and (3) the foothills south
of the Boundary fault are locally tilted steeply downward
to the northwest, away from a thermally recrystallized area
north of the Alsek River (fig. 1) that has yielded
anomolously young K-Ar ages of about 4 Ma on metamorphic biotite (table 1; #2).

FISSION-TRACK METHODOLOGY
Fission-track analyses were carried out in the laboratories of the School of Earth Sciences at La Trobe University, Melbourne, Australia. Apatite concentrates were
separated using conventional magnetic and heavy-liquid
techniques. Apatite samples were irradiated in the X-7 facility of the HIFAR reactor, Lucas Heights, New South
Wales, Australia, following the procedures outlined by
Green (1986). The external detector, method (Gleadow,
1981) was used exclusively throughout this study. Fissiontrack ages were calculated using the zeta calibration method
and the standard fission-track age equation (Naeser, 1979;
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Figure 2. Map showing regional tectonic setting of the study area. Geology after
Plafker and others (1994a); arrows and numerals indicate relative-motion vectors, in
centimeters, of the Yakutat terrane (Lahr and Plafker, 1980) and the Pacific plate
(DeMets and others, 1990). Abbreviations: WCT, Wrangellia composite terrane; CT,
Chugach terrane; PWT, Prince William terrane and younger accreted rocks; YA, Yakutat
terrane.
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Hurford and Green, 1982). Errors were calculated using
the techniques of Green (1981). The %2 statistic is used to
detect the probability that all age grains analyzed belong to
a single population of ages (Galbraith, 1981). A probability
of <5 percent is evidence of an asymmetric spread of singlegrain ages. In instances where a spread in ages is found,
the "conventional analysis" (Green, 1981), based purely on
Poissonian variation, is not valid and the "central age"
(Galbraith and Laslett, 1993), which is essentially a
weighted-mean age, is reported. Confined fission-tracks
were measured following the recommendations of Laslett
and others (1982).
In this study, apatite fission-track data were interpreted
using the understanding of apatite fission-track system response described by Green and others (1989). This understanding is based on an empirical kinetic description of
laboratory annealing data of Durango apatite (Green and
others, 1986). When fission-tracks form in apatite, they
have a fairly constant mean length of about 16 fj,m (Gleadow
and others, 1986). Following their formation, fission tracks
in apatite progressively shorten (anneal) at a rate that depends primarily on temperature (Gleadow and others, 1986).
Therefore, increased annealing results in shorter tracks, reduced track density, and a reduction in the fission-track
age (Gleadow and others, 1986). Total annealing results in
the reduction of the fission-track age to zero. Because new
tracks continuously form throughout geologic time, the distribution of track lengths in an apatite grain reflects the
integrated thermal history of the grains host rock (Green
and others, 1989). In detail, the rate of annealing depends
on the chemical composition; fission-tracks in chlorinerich apatites are slightly more resistant to annealing than
fission-tracks in fluorine-rich apatites (Green and others,
1986). Thermal-history interpretations are based on a quantitative treatment of annealing achieved by computer modeling (Green and others, 1989) of track shortening and age
evolution through likely thermal histories for an average
apatite composition (C1/(C1 + F)=~0.1), while making appropriate adjustments for the actual Cl composition likely
in each sample. This model by Laslett and others (1987)
for annealing of fission tracks in apatite gives predictions
that are consistent with geologic constraints on annealing
behavior, as explained by Green and others (1989). Predictions based on this composition should slightly overestimate the actual amount of annealing, although in thermal
histories resulting from continuous cooling, as in this study,
compositional effects play a relatively minor role (Green
and others, 1989).

DISCUSSION
In an attempt to constrain the denudation history of the
northern Saint Elias Mountains in Alaska, we have determine fission-track ages and measured confined track lengths
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for 13 apatite samples (fig. 1, table 2; all fission-track errors listed as ±1<J unless otherwise discussed). The apatite
fission-track ages we determined (between 9.5±2.3 and
1.3±0.3 Ma) are all significantly less than the emplacement
and metamorphic ages of these samples (table 1), and the
mean track lengths are all very long (between 14.5±0.3 and
13.5±0.2 nm), with narrow track-length distributions (standard deviations between 0.77 and 1.27 Jim; table 2). Applying the track-annealing model of Laslett and others
(1987) to the fission-track data suggests that all 13 samples
were exposed to paleotemperatures >110°C, which resulted
in total resetting of the apatite fission-track ages, prior to
rapid cooling to paleotemperatures <50°C during the late
Cenozoic at the time suggested by each apatite age.
The 10 samples in the region north of the Yakutat
Foothills range in age from 1.7 to 4.5 Ma. Of these, the
oldest samples, (#8, 13), are located toward the northern
limit of this region, suggesting the possibility of slight downward-to-the-north tilting resulting in increased denudation
to the south. Furthermore, the fission-track age of our most
inland sample (#13) is identical to those obtained for the
lowest samples from the southern base of the Logan massif, north of the study area, at roughly the same elevation
(O'Sullivan and others, 1995; O'Sullivan and Currie, 1996).
This result could reflect generally uniform late Neogene
rates of cooling and denudation over a broad inland part of
the northern Saint Elias Mountains.
The general lack of correlation between the fissiontrack uplift data and the metamorphic gradients (except
near the Alsek River in the southeastern Yakutat Foothills)
reflects a long and complex postmetamorphic history that
is not evident in most of the Neogene fission-track record.
Within the Yakutat Foothills, fission-track ages that decrease from about 9.5 Ma (#1) near Yakutat Bay to 2.4 Ma
(#2) just north of Alsek River to 1.3 Ma (#3) south of
Alsek River suggest that the northwestern part of the Yakutat
Foothills has relatively less denudation than the area farther southeast. This is in accord with the generally lowgrade laumontite-facies metamorphism in upper Mesozoic
rocks that comprise the Yakutat and Malaspina Foothills in
the vicinity of Yakutat Bay and with the absence of metamorphism in Tertiary sedimentary rocks penetrated by wells
drilled for petroleum on the coastal lowland (fig. 1) and
offshore (Plafker, 1987).
The two samples in the southeastern part of the Yakutat
Foothills were selected to test the possibility of local anomalously high uplift rates in the vicinity of Alsek River relative to areas farther north. Such uplift is suggested by steep
metamorphic gradients mapped in the field that decrease
northwestward and by exceptionally young K-Ar ages of
3.8-4.1 Ma that were obtained from metamorphic biotite in
schistose Cretaceous rocks (#2) near Alsek River. The fission-track ages of 2.4 Ma for this same schist sample and
of 1.3 Ma for a granitic sample from a pluton just south of
the Alsek River (#3) are compatible with the field evidence
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for extremely rapid cooling and exhumation in this part of
the foothills belt.
Our limited data do not indicate any abrupt changes in
ages across the major faults except possibly between sample
#1 (9.5 Ma) and the nearest samples north of the Boundary
fault, which have ages of about 3 Ma (#4, 5). Because of
the marked difference in protolith age and chemistry of
sample #1 (Jurassic diorite) relative to samples northeast of
the Boundary fault (Tertiary granodiorite to granite), direct
comparisons of the fission-track ages may not be valid without additional information on the compositions of the apatite in these rocks. However, because the data suggest that
all the rocks analyzed have experienced continuous cooling
from paleotemperatures high enough to totally reset the
apatite fission-track ages, any differences in apatite chemistry between samples would play a relatively minor role
(for example, Green and others, 1989).
To determine the rate of denudation throughout the
region, we make the simplifying assumption that there are
no structural breaks across which there are large Neogene
vertical displacements. This assumption seems to be valid,
since there does not seem to be a strong correlation between sample age and elevation within each structural block,
nor are there any obvious differences in ages across individual faults. When the fission-track age and elevation data
are regressed together (except sample #1), the resulting
curve yields a rough estimate of when and how fast cooling occurred over the area (fig. 3). Such a curve has a slope
of 1.9 km/Ma, which is an approximation of the regional
uplift rate. Furthermore, since there is no break in slope at
high elevations on figure 3 that would be indicative of the
base of the partial-annealing zone, the onset of cooling of
the samples from paleotemperatures exceeding about
110±10°C can only be constrained beginning at 4.5 Ma
(#13), the oldest sample excluding sample #1. Using a denudation rate of about 1.9 km/Ma, the predicted depth at which
fission-track ages should now be zero is about 4 km below
sea level (curve A, fig. 3). This value also matches the
depth of total annealing in a thermal regime with a geothermal gradient of about 25°C/km, which is the maximum
gradient based on thermal data from wells drilled for petroleum on the adjacent continental shelf (Flett, 1992). If a
lower gradient of 20°C/km is used, then the amounts of
denudation increase by 20 percent. As a test of general
validity, a regression of ages of samples #7, 8, and 9 from
relatively near each other (at the scale of sampling) yields
a denudation rate of only 0.39 km/Ma, which would yield
0-Ma fission-track ages above sea level (about 900 m; plot
not shown). It is clear that this regression is not reasonable,
as surface temperatures are far too low for significant apatite annealing. If, however, all samples from the same block
(Fairweather-Art Lewis block) are regressed (#7-12) a denudation rate of 1.5 km/Ma is obtained, which is closer to the
rate obtained for all the ages (except #1) from the region.
In this case, modern zero ages would be expected at depths

below sea level exceeding about 3 km, and an age of about
4.4 Ma would be expected at about 3,500-m elevation (curve
B, fig. 3). However, a predicted geothermal gradient of
about 37°C/km would be necessary for this scenario to be
correct, and such a gradient appears to be unreasonably
high for the region based on the data in Flett (1992).
In general terms, the estimated denudation rate from
regression of all fission-track ages (except #1) is consistent
with cooling in an assumed regional geothermal gradient
of about 25°C/km because such a model yields similar
depths at which samples began recording "age" (that is, 4km depth and about 110°C). Using a sea-level datum, the
samples studied here must have been uplifted 4 km plus an
additional amount equal to their surface elevation. This
means that a sample now at 1,500-m elevation was exhumed from depths exceeding about 5.5 km since the time
given by its fission-track age. For example, sample #9,
with a measured age of 1.7±0.4 Ma and a predicted age
(from the regression curve) of about 3 Ma, has been uplifted and exhumed by approximately 5.5 km since about 3
Ma, at an average rate of 1.8 km/Ma.
Assuming that the scenario above for cooling of the
samples is correct, uplift and denudation began in the area
prior to 4.5 Ma, (predicted age of highest sample, #6).
Because much of the cooling associated with the onset of
fission-track length retention occurred early in the recent
history of each sample (that is, during the first 2 km of
uplift and denudation and hence cooling from 110°C to
less than 50°C), past and present denudation rates are probably similar. Thus, much of the modern surface elevation
of samples must have been achieved late in each samples
uplift and exhumation history. This implies that rapid uplift
in the region is continuing today, as is also suggested by
the generally high elevations and relief throughout the region, by Pliocene marine sedimentary rocks at elevations
as high as 1,800 m, and by historic coseismic coastal uplift
during the 1899 Yakutat Bay earthquake (Plafker and others, 1994a, b).

SUMMARY
The following interpretations of the fission-track ages
depend in part on the validity of assumed rapid cooling
from about 110°C, on a regional geothermal gradient of
about 20-25°C/km, and on roughly uniform cooling and
denudation over the entire study area.
1. All fission-track samples, except #1, passed through
the apatite partial annealing zone (about 110°C to about
50°C) at 4.5-1.3 Ma. These data, together with topographic,
geologic, and historic earthquake data, suggest young and
ongoing uplift of much of the Yakutat-Saint Elias region.
This cooling episode appears to overlap the youngest part
of the cooling and denudation history for Mount Logan
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north of the study area (O'Sullivan and others, 1995;
O'Sullivan and Currie, 1996).
2. There is no clear-cut relationship between fissiontrack age and location of samples relative to the major
faults and terrane boundaries. The one possible exception
is between sample #1 and samples #4 and #5 across the
northern part of the Boundary fault. This lack of a relationship between fission-track age and location suggests that
the structural blocks north of the Boundary fault cooled
relatively uniformly over most of the study area.
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3. There is no strong correlation between fission-track
age and elevation, although the ages suggest a possible
slight increase in age with elevation (fig. 3 except for sample
#1). The cause of the data scatter cannot be determined
with this reconnaissance data set.
4. The denudation rate for all samples, except #1, is
interpreted to be approximately 1.5 to 1.9 km/Ma. Vertical
profiles of fission-track data are needed to determine details of the denudation history at specific localities within
the study area.

£
z
O

D

Samples 2-13
Samples 7-12

-5,000

AGE (Ma)
Figure 3. Linear regressions of fission-track age versus elevation for samples #2-13 (curve A)
and for samples #7-12 in the Fairweather-Art Lewis block only (curve B). Sample symbols and
numbers are the same as in figure 1; sample data are given in tables 1 and 2.
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5. Ages of samples #1-3 south of the Boundary fault
are compatible with local denudation north of Alsek River
and tilt downward toward the northwest, which was previously inferred from metamorphic gradients (Hudson and
others, 1977b). Elsewhere, the metamorphic gradients show
no correlation with apatite age, as might be expected for
rocks that reflect a much longer history than is recorded by
the fission-track data.
6. At locality #2 near Alsek River, the close coincidence between 3.8-4.1 Ma biotite K-Ar ages from schist
that most likely has a Late Cretaceous protolith and apatite
fission-track ages of 2.4 Ma suggests the possibility of a
previously unsuspected Pliocene(?) thermal event that reset
the biotite K-Ar ages. This inferred thermal event must
have been of limited areal extent because it did not reset
K-Ar ages of intrusive rocks at nearby sample localities
(#3, 12).
In conclusion, our reconnaissance fission-track study
provides evidence of widespread young denudation in the
northern Saint Elias Mountains of Alaska that we interpret
as driven by collision of the Yakutat terrane with the southern margin of Alaska. However, the details of this denudation history cannot be deduced from the available data.
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Paleomagnetic Results from Devonian and Permian Rocks at
Saginaw Bay, Kuiu Island, Southeastern Alaska
By Sherman Gromme and John W. Hillhouse

ABSTRACT
Paleomagnetic directions have been determined for
unfossiliferous Paleozoic red arkose and siltstone at Saginaw
Bay on Kuiu Island, southeastern Alaska. At least three
components of natural remanent magnetization were isolated in these rocks, the younger two of which are inferred
to be Permian and Cretaceous or Tertiary in age, respectively. The highest temperature and hence oldest component is similar to the paleomagnetic directions reported by
other researchers in the lithologically similar Karheen Formation, 130 km to the south near Craig on Prince of Wales
Island. Consequently, the previous suggestion by others of
a correlation of the redbeds at Saginaw Bay with the Lower
Devonian Karheen Formation is confirmed by our data,
and structural continuity is thereby established across this
part of the Craig subterrane of the Alexander terrane. The
oldest overprint is similar to primary paleomagnetic directions isolated in two igneous rock units of the Permian
Halleck Formation. The reversed magnetic polarity of the
Halleck Formation samples is consistent with results reported by others from Pennsylvanian and Permian rocks of
the Alexander terrane, thereby supporting the inference that
the Alexander terrane was in the northern hemisphere during the Pennsylvanian and Permian time of constant reversed geomagnetic polarity.

INTRODUCTION
An exceptionally complete and mostly unmetamorphosed stratigraphic sequence of rocks ranging in age from
Silurian through Tertiary on northern Kuiu and Kupreanof
Islands in southeastern Alaska has been described by Muffler (1967). Paleozoic and early Mesozoic rocks in this
area were a key part of the original definition of the
Alexander tectonostratigraphic terrane (Berg and others,
1980). Two paleomagnetic studies have been conducted in
the Triassic Hound Island Volcanics (Hillhouse and
Gromme, 1980; Haeussler and others, 1992a), the latter of
which provided definite evidence that the Alexander terrane (fig. 1) was displaced from the North American craton

during Triassic time and was subsequently accreted to the
craton. More recently, paleomagnetic evidence from the
gravitationally layered ultramafic intrusions of Duke Island
(fig. 1) has demonstrated that the paleolatitude of the
Alexander terrane was more than 25° south of its present
location in mid-Cretaceous time (Bogue and others, 1995).
Plate-tectonic northward transport of the Alexander terrane
and inboard (or eastward) terranes with respect to the North
American craton was complete by mid-Eocene time (Irving
and others, 1996; see also references cited in Bogue and
others, 1995). Little is known of the pre-Triassic movement history of the Alexander terrane; the most convincing
paleomagnetic data are from the Devonian Karheen Formation in its type area (Hazard and others, 1995) and from
other Devonian rocks on and adjacent to Prince of Wales
Island in the vicinity of Craig (Van der Voo and others,
1980) (fig. 1).
During the 1979 and 1982 field seasons the authors
made an extensive paleomagnetic collection from most of
the least metamorphosed bedded rocks in southeastern
Alaska, ranging in age from Silurian through Cretaceous.
Owing to pervasive magnetic overprinting and, in the carbonate rocks typical of the Permian, probable lack of any
primary remanent magnetization, these collections yielded
little useful data. In the Saginaw Bay and Keku Strait areas
described by Muffler (1967) (indicated respectively by S
and H in fig. 1), we concentrated on the abundant Permian
rocks but also sampled as much of the rest of the stratigraphic section below the Hound Island Volcanics as possible, in all of which no evidence of metamorphism had
been reported. Muffler (1967) described a nonfossiliferous
sequence of red arkose and subordinate red siltstone that
occurs in a small area on the west shore of Saginaw Bay.
These redbeds are in apparent structural conformity with
Silurian bedded rocks above and below them, but the lower
contacts of the redbeds are all faults and the upper contact
is concealed by salt water. Because of the absence of fossils, Muffler (1967) assigned a provisional Late Silurian
age to the red arkose unit based on surmised stratigraphic
position, but he also stated that the arkose might be an
allochthonous fault block. No fossils were found during a
subsequent reexamination of this area (D.A. Brew, U.S.
295
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Figure 1. Index map of southernmost part of southeastern
Alaska, showing geologic terrane boundaries (after Berg and
others, 1980; Silberling and others, 1994). Major faults and
other terrane boundaries shown as heavy solid lines. Terrane
labels as follows: AXC, Craig subterrane of Alexander terrane;
AXA, Admiralty subterrane of Alexander terrane; AXN,
Annette subterrane of Alexander terrane; GN, GravinaNutzotin belt; GNO, Gravina-Nutzotin belt overlapping older
terranes; TU, Taku terrane; TA/G, Tracy Arm terrane and
granitic rocks of the coast plutonic complex. Paleomagnetic
study areas shown as open circles: H, Keku Strait and Hound
Island Volcanics (Haeussler and others, 1992a); K, Karheen
Formation (Bazard and others, 1995); D, Duke Island, showing
location of ultramafic intrusions (Bogue and others, 1995); S,
Saginaw Bay (this study).

Geological Survey, written commun., 1982), but a provisional lithologic correlation was suggested by Brew and
others (1984) with part of the Early Devonian Karheen
Formation that occurs 130 km to the south (indicated by K
in fig. 1).
The Karheen Formation was first described by Eberlein
and Churkin (1970) as consisting of a heterogeneous sequence of clastic rocks, red colored in part, consisting mostly
of sandstone but also including some siltstone and conglomerate and minor amounts of limestone. On the basis of
megafossils, Eberlein and Churkin (1970) stated that the
possible age range of the Karheen Formation was Late Silurian to Early Devonian, but they also indicated that the
graptolites, corals, stromatoporoids, and crinoids collected
by them were of Early Devonian age. This age assignment
was not changed by Eberlein and others (1983). Subsequently, analyses of conodont collections have further restricted the age of the Karheen Formation to middle Early
Devonian (Bazard and others, 1995, and references cited
therein). Ovenshine (1975) added much detail to the lithologic description of the Karheen, interpreting it as partly of
intertidal or near-tidal origin because of the presence of
mudcracks, ripple marks, festoon cross-bedding, red color,
and other sedimentary features. Eberlein and Churkin (1970)
and Ovenshine (1975) characterized the Karheen Formation as a clastic wedge coarsening to the southwest or south.
The paleogeographic significance of the Karheen clastic
wedge has been discussed and elaborated by Gehrels and
Saleeby (1987a) and Gehrels and others (1996), who showed
on the basis of analyses of detrital zircons that the source
area consisted at least partly of Precambrian rocks much
older than any pre-Karheen rocks of the Alexander terrane.
Gehrels and others (1996) concluded that the pre-Paleozoic
cratonal part of the provenance of the Karheen Formation
lay to the southwest in present-day coordinates; in other
words, the older part of the Karheen provenance was not
part of the North American craton. This conclusion supports the earlier interpretation of paleomagnetic data by
Van der Voo and others (1980) and Bazard and others
(1995) as demonstrating that the rocks of the Alexander
terrane originated far from their present position in relation
to the North American craton.
Because of the apparent abundance of hematite in the
red arkoses and siltstones at Saginaw Bay, we made an
extensive paleomagnetic collection from them. Initial laboratory results were unpromising, showing only a complex
magnetic overprint, but the recent publication by Bazard
and others (1995) of excellent paleomagnetic results from
the Karheen Formation stimulated more extensive analysis
of our data. We found that the redbeds in Saginaw Bay
have the same direction of primary magnetization as the
Karheen Formation, supporting the lithologic correlation
and consequent assignment of Devonian age.

PALEOMAGNETIC RESULTS FROM DEVONIAN AND PERMIAN ROCKS AT SAGINAW BAY
Table 1. Paleomagnetic directions.
[ N, number of specimens. I, D: inclination and declination in degrees. 095: radius of cone of
95-percent confidence (Fisher, 1953). aMAX, aMIN : radii of ellipse of 95-percent confidence
(Onstott, 1980). Ip, DP: inclination and declination of pole to plane of aMAX.]

Entry 1

N

I

D

a95

aMAX

aMIN

IP

DP

64.0
64.4

261.2
69.6

Redbeds of Devonian Karheen Formation at Saginaw Bay

1
2
3
4
5
6
7
8
9
10
11
12

53
45
25
25

15
4
4
15
4
4

50.4
45.5
24.6
25.6
80.0
62.3
38.7
33.9
22.1
-22.5
-17.3
-2.6

66.8
73.6
60.9
249.0
329.5
341.4
77.5
61.7
38.5
79.2
57.8
36.2

7.1
6.6
12.7
17.3

6.0
5.7

10.1
4.6
20.9
20.0
4.6
20.9
20.0

Permian Halleck Formation at Saginaw Bay
13
14
15
16
17
18

8
4
6
8
4
6

-27.4
-19.7
-5.7
-41.7
-28.9
-38.5

70.2
82.9
88.8
89.9
96.6
75.8

10.8
39.9
6.1
10.8
39.9
6.1

1 Description of entries:
1. Mean of all natural remanent magnetization (NRM) directions before structural
correction.
2. Mean of selected NRM directions before structural correction, omitting data
affected by post-Permian subordinate magnetic overprint.
3. Least-squares intersection (Kirschvink, 1980) of thermal demagnetization planes
before structural correction.
4. Least-squares intersection of thermal demagnetization planes after structural
correction.
5. Predicted Cretaceous field direction (van Fossen and Kent, 1992) assuming no
post-Cretaceous displacement of Alexander terrane.
6. Cretaceous field direction predicted from results from Duke Island (Bogue and
others, 1995).
7. Mean of best-fit thermal demagnetization lines for site I before structural correction.
8. As for entry 7: site lib.
9. As for entry 7: site He.
10-12. As for entries 7-9, but after structural correction.
13. Mean of best-fit thermal demagnetization lines for a basaltic sill in the Halleck
Formation before structural correction.
14. As for entry 13, for reheated limestone directly overlying the sill in the Halleck
Formation.
15. As for entry 13, for pillow lava in the Halleck Formation.
16-18. As for entries 13-15, but after structural correction.
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FIELD AND LABORATORY METHODS
Two localities were sampled on the west shore of
Saginaw Bay (site I at lat 56°51'44" N., long 134°11'13"
W., and site II at lat 56°51 /32// N., long 134°10'54" W.); at
these localities oriented cores were obtained from four different structural blocks as follows: site I, 20 cores, strike
358°, dip 62° E.; site Ha, 12 cores, strike 290.5°, dip 50°
N.; site lib, 14 cores, strike 304°, dip 56° NE., site He, 10
cores, strike 279°, dip 28° E. The cores were obtained with
a gasoline-powered portable diamond drill and were oriented with a magnetic compass and clinometer. Magnetic
azimuths were checked by backsighting.
The rocks we sampled are interbedded reddish and orange siltstone and sandstone; the finer grained material tends
to be redder. Minor calcite veins as much as 1 cm thick are
present. At site Ila we observed felsic porphyry dikes about
5 m away from the first oriented cores; more complete
descriptions of these dikes, which have not been dated, are
given by Muffler (1967) and Brew and others (1984).
Laboratory measurements were made with a commercial three-axis superconducting magnetometer. Preliminary
alternating-field demagnetizations were done with a commercial 400-Hz tumbling demagnetizer, but the results were
not promising and will not be discussed further. Progres-

sive thermal demagnetizations were done in air with a laboratory-built nonmagnetic oven in which the residual magnetic field is less than 3 nT. Principal-component analysis
(Kirschvink, 1980) was used to separate the different components of remanent magnetization in the stepwise thermal
demagnetization data. Of the total of 56 oriented cores,
specimens from 33 of them were thermally demagnetized,
distributed as follows: site I, 15; site Ila, 6; site lib, 6; site
lie, 6. This distribution of data among four sites with differing structural attitudes is expected to yield an effective
fold or tilt test for magnetic stability. This test is fundamental to the technique of paleomagnetism and is considered to have a positive result when the angular dispersion
of paleomagnetic directions decreases significantly after the
data from various sampling sites are corrected for their
respective structural attitudes. Traces of primary magnetization were found in only 25 of the 33 cores so treated, but
all four sites (separate structural blocks) are represented in
the final results.

PALEOMAGNETIC RESULTS
A summary of our results is presented in table 1. The
directions of natural remanent magnetization (NRM) be-
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Figure 2. Equal-area projection of NRM directions in Devonian
redbeds, before structural correction. Dashed line separates
directions in specimens magnetically overprinted by adjacent
dikes (left) from directions in specimens dominated by another
overprint of different age (right). Two averages are shown with
associated circles of 95-percent confidence: 1, average of all
measurements; 2, average excluding specimens overprinted by
local dikes (entries 1 and 2 in table 1).

Figure 3. Vector component diagram showing thermal
demagnetization (before structural correction) of a specimen
carrying mainly a magnetic overprint caused by adjacent dikes.
Scale is 0.0029 A/m per division. Inset shows decay of NRM
with increasing temperature; units are magnetization intensity (J)
normalized to initial value (NRM) and plotted on a logarithmic
scale. Note that magnetization decays univectorially to the origin,
and that most of NRM is thermally unblocked only at high
temperature.
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fore structural correction are shown in figure 2. Making the
structural corrections (untilting the beds to horizontal around
the strikes) caused the distribution of NRM directions to
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diverge; the Fisher (1953) concentration parameter for the
four sites decreases from 15 to 2, signifying a strongly
negative result of the fold test. Some of the NRM directions are directed northward and steeply down, and the
proximity of the specimens carrying these directions to the
porphyry dikes at site Ha indicates probable remagnetization
by the dikes. Based on NRM direction and core location,
we have divided the data into two populations as indicated
in figure 2 and have calculated mean directions for the
total population and for the subpopulation that appears negligibly affected by the dikes. The two means do not differ
significantly, but the subpopulation does not have an elongate, or "streaked," distribution and therefore appears to
represent one postfolding remagnetization. The mean of
the subpopulation of NRM directions does not, however,
represent any post-Silurian geomagnetic field direction that
might be inferred for this part of southeastern Alaska, contingent on our poor knowledge of its pre-Cretaceous platetectonic history. Two of the questions arising from our new
data are the age and cause of this dominant paleomagnetic
overprint, because a somewhat similar overprint direction,
characterized by normal polarity, easterly declination, and
steep inclination, is ubiquitous in the pre-Cretaceous rocks
we have sampled throughout southeastern Alaska, has been
illustrated by Van der Voo and others (1980), and has also
been discussed by Haeussler and others (1992a).
Progressive thermal demagnetization results from one
of the cores nearest to the porphyry dikes are shown in
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Figure 4. Vector component diagram (A) and equal-area
projection (fl) showing thermal demagnetization (before structural
correction) of a specimen carrying a combination of unipolar
dominant overprint magnetization and original Devonian
magnetization. Scale of vector diagram is 0.00095 A/m per
division. Inset in A shows decay with temperature of NRM;
units are magnetization intensity (J) normalized to initial value
(NRM) and plotted on a logarithmic scale. Note that decay of
magnetization is not univectorial and does not approach the vector
origin; the 676° point in B represents laboratory artifact, as all
NRM is erased by this heating step. Points from 299° through
596° are used to define the line and plane fit by least-squares to
the demagnetization trajectory.

270

Lower hemisphere

Upper hemisphere

Figure 5. Equal-area projection showing least-squares planes fit
to thermal demagnetization trajectories of all specimens
unaffected by local magnetic overprint, before structural
correction. Arrows indicate direction of change in magnetization
directions with increasing temperature of demagnetization.
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figure 3. The magnetization decays nearly univectorially
toward the origin of the vector diagram and is stable to
nearly the Curie temperature of hematite (675°C). This is
clear evidence that remagnetization by the dikes was complete, supporting our subdivision of the NRM data.
In figure 4 we show progressive thermal demagnetization results for a core from site I that was apparently unaffected by the thermal event represented by the porphyry
dikes but that clearly carries two earlier components of
NRM. The lower temperature component is the dominant
overprint (labeled 2 in figure 2), while at the highest temperatures no stable endpoint is reached. Nonetheless, in
this example (which is typical of our best thermal demagnetization data) the great-circle distribution of directions is
appropriate for least-squares analysis of intersecting bestfit planes (Kirschvink, 1980). We were able to fit plausible
planes to 25 of the 33 sets of thermal demagnetization data.
The arc segments fitted are illustrated in figure 5; segments
corresponding to some of the cores are shorter than would
provide optimal definition of their corresponding planes.
Only 2 of the 25 planes are defined by arc lengths less than
10°, however, and the common intersection of the best-fit
planes has good significance, both before and after structural correction. The best-fit planes after structural correc-
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Figure 6. Equal-area projection showing common intersection of
planes fit to thermal demagnetization trajectories, after structural
correction. Planes are shown in lower hemisphere; plus and
diamond symbols are poles to planes. "X" denotes locus of bestfit common intersection (Kirschvink, 1980), and surrounding
ellipse represents bivariate 95-percent confidence interval (Onstott,
1980) as shown in table 1. Asterisk denotes magnetization
direction in type Karheen Formation, with circle of 95-percent
confidence (Bazard and others, 1995).

tion are shown in figure 6. Here the poles to the planes
form only a fair girdle, but there are enough data that application of bivariate Bingham statistics (Onstott, 1980) to
the best-fit pole to the girdle produces a gratifyingly small
confidence ellipse centered on the mean common intersection of the planes (see entry 4 of table 1). Because this
common intersection is pointed toward by the higher temperature ends of nearly all of the individual fitted segments
(arrowheads, fig. 5), we conclude that the common intersection after structural correction represents the primary
NRM direction even though none of the individual thermal
demagnetization trajectories comes close to reaching it.
Bazard and others (1995) reported a mean primary
NRM direction in 29 sites in the type area of the Karheen
Formation (Eberlein and Churkin, 1970). These data from
the Karheen Formation represent both geomagnetic polarities and pass both the fold test and the consistency-ofreversals test. We have added the mean direction given by
them (declination 232.7°, inclination 25.6°, 95-percent confidence radius 7.1°) to figure 6, and observe that it does not
differ significantly from our inferred result for the Saginaw
Bay redbeds (declination 249.0°, inclination 25.6°, with
bivariate 95-percent confidence radii 17.3° and 5.7°). We
conclude that the redbeds at Saginaw Bay are part of the
Karheen Formation, as surmised by Brew and others (1984).
Moreover, within the intrinsic limits of accuracy of the
paleomagnetic data, this concordance demonstrates existence of structural integrity across the part of the Craig
subterrane of the Alexander terrane between localities K
and S in figure 1.
Before structural correction, the poles to the planes
fitted to the thermal demagnetization data form a somewhat better girdle than that shown in figure 6; and the
ellipse of 95-percent confidence around the mean common
intersection of the planes is correspondingly slightly smaller
(entry 3, table 1). This intersection may represent the dominant overprint magnetization, which would therefore have
been acquired after the sites had attained their contrasting
structural attitudes and would ordinarily be referred to as
"postfolding remagnetization." Use of the method of intersecting demagnetization planes for estimating mean directions in this way precludes use of the customary
paleomagnetic fold test as described above because the mean
of all the intersections of the best-fit planes is only an
inferential representation of the original magnetization directions themselves. The mean intersections before and after structural correction are both well determined and are
51° of arc apart irrespective of polarity (calculated from
entries 3 and 4 of table 1). Because these attributes imply
that two separate magnetization directions have been estimated and that the magnetizations must have been acquired
at quite different times, the results constitute a reasonable
substitute for a positive conventional fold test (see Hillhouse
and Gromme, 1988, for more extensive discussion of this
method).
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DEVONIAN DATA FOR ALEXANDER
TERRANE
Paleomagnetic data for Alexander Terrane rocks of
Ordovician through Carboniferous age in the area around
Craig have been published by Van der Voo and others
(1980). Hazard and others (1995) state that one of the Devonian formations sampled by Van der Voo and others (the
Wadleigh Limestone) is dominated by secondary magnetizations. We have reexamined the published data for the
Wadleigh and concur that for one of the sites (site 4 in
table 1 of Van der Voo and others, 1980) primary magnetization was probably not isolated, the other two Wadleigh
sites of Van der Voo and others (1980), however, together
with their Port Refugio Formation and Coronados Volcanics
data, form a well-clustered set of four site-mean directions,
two with reversed polarity and two with normal polarity,
that are close to antipodal after structural correction and
hence are unlikely to represent postfolding secondary magnetization. We show these previously published Devonian
data in figure 7 for comparison with the Karheen Formation results.
The age of folding of the Paleozoic rocks in the area of
Craig is not well known according to Bazard and others
(1995) and Van der Voo and others (1980), but Gehrels
and Saleeby (1987a,b) show results of comprehensive investigations of the Alexander terrane including the part of
Prince of Wales Island south of the vicinity of Craig (fig.
1). A regional unconformity separates Upper Triassic strata
from Lower Permian and older rocks (Gehrels and Saleeby,
1987b), so any hypothetical prefolding and post-Devonian
bipolar remagnetization would seem necessarily to have
occurred prior to the Pennsylvanian-Permian superchron of
constant reversed geomagnetic polarity. Evidence of igneous activity of this age is not present in the area of Prince
of Wales Island (Eberlein and Churkin, 1970; Eberlein and
others, 1983; Gehrels and Saleeby, 1987a), so existence of
a bipolar post-Devonian predeformation remagnetization is
unlikely.
The Devonian paleomagnetic data of Van der Voo and
others (1980) have similar inclinations to those in the
Karheen Formation, but the declinations of the 1980 data
are of the order of 50° clockwise from the Karheen declinations (fig. 7). Bazard and others' (1995) Karheen sites
are located about 30 km north of the Devonian sites of Van
der Voo and others (1980), which are all located in the
vicinity of Craig (fig. 1), so the declination difference could
conceivably have a tectonic origin. Eberlein and others
(1983) have shown on their map an inferred concealed
throughgoing fault that separates these two areas. Nonetheless, a tectonic explanation seems unlikely in light of the
widespread structural coherence of much of Prince of Wales
Island and Kuiu Island evidenced by the paleomagnetic
concordance of the two Karheen sampling areas that are
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separated by 130 km. For bipolar regional remagnetization
to have affected the Wadleigh, Port Refugio, and Coronados
sampling sites (Van der Voo and others, 1980) but not the
Karheen sites (Bazard and others, 1995) is also unlikely in
view of the small separation (30 km) between the two areas. A third, ad hoc explanation for the declination difference would be relatively rapid apparent polar wander due
to plate motion, which is possible because the Karheen
Formation is Lower Devonian, whereas the Wadleigh Limestone, Coronados Volcanics, and Port -Refugio Formation
are all Middle and (or) Upper Devonian (Eberlein and
Churkin, 1970; Van der Voo and others, 1980). This question cannot be resolved by the data available at present, but
we note that Devonian paleomagnetic latitudes calculated
for the Karheen Formation, Wadleigh Limestone, Port
Refugio Formation, and Coronados Volcanics range from
14° to 23°, either north or south of the paleoequator (Van
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Figure 7. Equal-area projection showing comparison of inferred
primary magnetization direction in Saginaw Bay redbeds (table
1) with published paleomagnetic results from Devonian rocks in
the vicinity of Craig. Directions are in the lower hemisphere;
solid symbols denote normal polarity, and open symbols denote
reversed magnetization projected through the origin. Upper
Devonian rocks sampled are aquagene tuffs in the Port Refugio
Formation and sandy and silty limestone in the Wadleigh
Limestone; Middle Devonian data are from volcaniclastic rocks
of the Coronados Volcanics (Van der Voo and others, 1980). The
Karheen Formation is middle Lower Devonian (Bazard and others,
1995).

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

302

der Voo and others, 1980; Bazard and others, 1995). Within
their respective formal uncertainties, these paleolatitudes
are mutually consistent.

POST-DEVONIAN SECONDARY
MAGNETIZATIONS
We now turn to an attempt to identify the ages and
causes of the two components of overprint magnetization
in the redbeds at Saginaw Bay. Because the effect occurs
only over a restricted area, we consider the remagnetization
asociated with the porphyry dikes to be subordinate in importance. In figure 8 we compare the direction of the dominant overprint, as estimated from the common intersection
of best-fit planes before structural correction, with the mean
NRM direction for specimens unaffected by the porphyry
dikes. The two mean directions are similar, although not
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Figure 8. Equal-area projection on lower hemisphere showing
evidence for ages of secondary magnetizations. Four directions
are shown as asterisks with associated ellipses or circles of 95percent confidence: 1, dominant postdeformational overprint
direction from figure 7 and table 1; 2, average NRM direction of
selected specimens as in figure 2 and table 1; 3, predicted
Cretaceous field direction assuming the Alexander terrane was
located 3,000 km to the south at that time (Bogue and others,
1995) (entry 6 in table 1); 4, Cretaceous overprint direction in
Keku Strait (Haeussler and others, 1992a). In situ predicted
Cretaceous field direction is derived from cratonic reference pole
of van Fossen and Kent (1992) (entry 5 in table 1). Plus symbols
are paleomagnetic directions in specimens overprinted by adjacent
dikes; these are the best-fit lines for univectorial thermal
demagnetization trajectories as in figure 3 and are the subordinate
overprint.

identical. The fact that the thermal demagnetization trajectories represented in figure 5 nearly all move away from
this common intersection (entry 3 of table 1) means that it
represents a lower temperature component and hence is
conventionally presumed to be younger, as is implicit in
the analysis described above. These overprint directions
are all in the lower hemisphere that is, they have positive
inclinations which implies that they all represent one geomagnetic polarity. Thermal "pulses" or events that cause
such pervasive remagnetization are likely to be of such
long duration as to span many geomagnetic polarity reversals during most parts of geologic time, especially if the
thermal events are visibly represented by coeval plutonic
rocks. The only two post-Devonian times during which this
was not so are in the Carboniferous-Permian superchron of
constant reversed polarity and in the Cretaceous long normal superchron (Harland and others, 1990). Ancient pervasive unipolar paleomagnetic overprints are likely to have
been produced during one of these two times.
Haeussler and others (1992a) found two post-Triassic
magnetic overprint directions in the Triassic Hound Island
Volcanics in Keku Strait (H in fig. 1). The older of these
has a northeast and steeply downward direction and was
assigned a maximum age of 108±11 Ma by interpretation
of a large amount of complex data acquired by the 40Ar/
39Ar step-heating method using sericite and biotite
(Haeussler and others, 1992a). The younger overprint was
ascribed to heating by local gabbro intrusions that were
dated at 23+2 Ma (using the same 40Ar/39Ar method with
plagioclase) and have typical Tertiary normal and reversed
directions (Haeussler and others, 1992b). Other radiometric ages in this area have been presented by Douglass and
others (1989): a K-Ar date of 107±3 Ma was obtained on
hornblende from a granitic intrusion on the north end of
Kupreanof Island, 10 km northeast of Kake (fig. 1). Two
K-Ar dates were obtained from silicic intrusions on the
northwestern corner of Kuiu Island 20 km southwest of our
Saginaw Bay locality (fig. 1); these ages are 24±1 Ma (biotite in granite) and 20±1 Ma (hornblende in monzodiorite).
Igneous rocks of these two age groups (Late Cretaceous
and mid-Tertiary) are parts of the well-established MuirChichagof Belt II plutonic province (Brew and Morrell,
1983) and the Kupreanof-Etolin volcanic-plutonic belt
(Brew, 1994), respectively. Thus, one interpretation of the
bimodal NRM directions shown in figure 2 could be that
they represent local Tertiary and regional Cretaceous overprints. We caution, however, that the age of the porphyry
dikes at site Ha is unknown and that they are felsic in
composition (Brew and others, 1984), whereas the Tertiary
volcanism in the immediate vicinity is mafic in composition (Muffler, 1967; Haeussler and others, 1992a).
In figure 8 we have shown separately the paleomagnetic directions (determined by thermal demagnetization)
at site Ila that we believe originated from reheating by the
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nearby dikes. Because these directions are linearly distributed ("streaked'), we have not computed a mean; the magnetizations likely retain variable but small remnants of the
dominant regional overprint. For comparison we show the
present geomagnetic field direction, the axial geocentric
dipole field direction (which can be considered to be typical of the latter part of Tertiary time if both polarities are
considered), and the Cretaceous field direction calculated
from the reference paleomagnetic pole for the North American craton given by van Fossen and Kent (1992). From
these three reference fields it is not possible to identify an
age for this overprint (which is quite different in direction
from the dominant one). Butler and others (1993) have
done extensive and thorough thermal demagnetization of
many specimens from a variety of Devonian and Carboniferous formations in the general vicinity of Craig (fig. 1),
and reported that the average direction of the secondary
magnetizations that they isolated is within about 4° of parallel to the present geomagnetic field. In contrast, the results we show in figure 8 are unrelated to the present field
direction at Saginaw Bay.
Use of the Cretaceous field direction calculated directly from the cratonic reference pole is not very useful
because of the well-demonstrated 3,000 km northward
movement of the westernmost Cordillera between mid-Cretaceous and mid-Eocene times (Bogue and others, 1995;
Irving and others, 1996). Therefore, we include in figure 8
a field direction (data point 3) with confidence interval
calculated directly from the paleomagnetic direction in the
110-Ma gravitationally layered ultramafic intrusions of Duke
Island, 270 km to the southeast (Bogue and others, 1995)
(D, fig. 1). Validity of this calculation rests on the assumptions that no large-magnitude post-Cretaceous displacement
occurred on the Clarence Strait Fault that separates the
Craig and Annette subterranes of the Alexander terrane,
and moreover that Duke Island was not significantly rotated with respect to our Saginaw Bay locality. These assumptions seem acceptable because the direction calculated
from the Duke Island data differs mainly in inclination
from the craton reference, as would be predicted from simple
northward transport of the Alexander terrane. This field
direction transferred from Duke Island differs greatly from
both the dominant overprint direction and from the selected
mean NRM direction, and therefore if the dominant overprint is Cretaceous in age as we have suggested above, it is
necessary to invoke post-Cretaceous westward tilting of at
least our sampling area at Saginaw Bay. For site I this
would mean that the beds were in an overturned position
(by about 30°) when they were remagnetized and were
subsequently partially restored to their present attitude. This
is an improbable aspect of our hypothetical Cretaceous age
assignment for the dominant overprint. Moreover, from the
data illustrated in figure 8 it is not possible to choose between Tertiary or Cretaceous age to assign to the porphyry
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Figure 9. Equal-area projections comparing individual best-fit
lines for overprint thermal demagnetization trajectories from three
sites in the redbeds at Saginaw Bay after structural correction,
with Permian and Carboniferous paleomagnetic data. A,
comparison with preliminary thermal demagnetization data
(averages of best-fit lines) from three sites in the Permian Halleck
Formation at Saginaw Bay (entries 16-18 in table 1): 1, basaltic
sill (8 specimens); 2, thin limestone reheated by the same sill (4
specimens); 3, pillow lava (6 specimens). B, comparison with
selected results from Carboniferous rocks in the vicinity of Craig
(Van der Voo and others, 1980): 4, white limestone in the
Pennsylvanian Ladrones Limestone; 5, mudstone in the
Pennsylvanian Klawak Formation; 6, limestone in the Klawak
Formation; 7, all sites in the Mississippian Peratrovich Formation
combined. Circles are 95-percent confidence cones centered on
mean directions.

304

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

dikes that caused the local but complete remagnetization
that we have termed the "subordinate overprint."
The question of regional tilting of the rocks subsequent to Cretaceous remagnetization was discussed at length
by Haeussler and others (1992a). They concluded that the
Cretaceous overprint direction they observed in Keku Strait
(declination = 35°, inclination = 67°, a95 = 5°; shown as 4
in fig. 8) implies westward tilting of about 20° around an
axis trending 339°, and that this axis parallels the major
structural trends in southeastern Alaska, but they also
pointed out that no specific geologic or petrologic evidence
could be found in support of such regional tilting. The
pervasive paleomagnetic overprints that we have consistently observed in the Permian rocks we sampled in eastern
Saginaw Bay and western Keku Strait, as well as other preCretaceous rocks elsewhere in southeastern Alaska, are
closely similar in direction to that reported by Haeussler
and others (1992a) but are not parallel to the dominant
overprint we have identified in our Karheen Formation
samples (fig. 8), and so we seek another explanation for
this overprint.

PERMIAN PALEOMAGNETIC RESULTS
Permian mafic igneous rocks occur widely in the
Saginaw Bay-Keku Strait area; they include andesitic flows
in the Cannery Formation and basaltic volcanics in the
Halleck Formation (Muffler, 1967). We sampled several
volcanic units in the Halleck Formation, of which about
half were paleomagnetically unstable. For comparison with
the dominant overprint, we show in figure 9 preliminary
results from three rock units in the Halleck Formation located at lat 56°52'40" N., long 134°9/2" W. in Saginaw
Bay, 3 km northeast from our sampling sites in the Karheen
redbeds (see also table 1). The results in figure 9 are structurally corrected and represent thermal demagnetization of
a total of 18 specimens. Because there are only two independent structural attitudes for these three sites and because geomagnetic secular variation has not been averaged
by such limited data, a fold test that can be evaluated statistically cannot be made. The angle between the mean
directions for the two igneous rock units (which have different structural attitudes; compare entries 13 and 15 with
entries 16 and 18 in table 1) decreases from 28° to 11° when
the structural correction is made, however, which constitutes a qualitatively positive result of a minimal fold test.
In order to extend the comparison we have also obtained best-fit unconstrained lines ("free" lines in the sense
of Kirschvink, 1980) to selected thermal demagnetization
data from the Saginaw Bay redbeds. as illustrated by the
example in figure 4, these lines do not trend toward the
origin, but their site-mean directions (entries 7, 8, and 9 in
table 1) are similar to the NRM directions shown in figure

2. In other words, these least-squares lines represent removal of the dominant secondary magnetization. For site
Ila, no sufficiently collinear points exist in the thermal demagnetization data to define any lines, but 15 reasonable
lines were obtained for site I, 4 for site lib, and 4 of poor
linearity for site He. The directions of the individual bestfit lines after structural correction are shown in both parts
of figure 9. By making the comparison in this way (after
structural correction) we are ignoring the significance of
the negative fold test for the selected NRM directions, and
this problem shows up in the distribution of the redbed
data in figure 9. While most of the Devonian redbed data
in figure 9A are close to the Permian results, 6 of the 23
directions have northeast declinations, significantly
different from the Permian results. These 6 points are among
the 8 from sites lib and lie, and we can only explain the
divergence by stating that the best collinearity of points
fit to lines was obtained for site I. In other words, the data
for sites lib and lie represent more than one component of
magnetization that are not resolved by the best-fit lines.
With this reservation, it is clear from the comparison in
figure 9A that the dominant secondary magnetization in
these Devonian redbeds was acquired during Permian
time.
To carry the comparison another step, we show in figure 9B four selected sets of paleomagnetic directions from
Carboniferous rocks in the vicinity of Craig, published by
Van der Voo and others (1980). We have selected these
data as they appear to us to be least affected by the secondary magnetizations found by Butler and others (1993) in
their reexamination of the paleomagnetism of the Paleozoic rocks in the vicinity of Craig. The 95-percent confidence circles for the Carboniferous mean directions are
large, but two of the four enclose the site I group of thermal demagnetization lines from the Devonian redbeds. The
differences among the Carboniferous data are not statistically significant and moreover cannot be explained by apparent polar wander. If we assume, however, that the shift
in paleomagnetic direction at Prince of Wales Island that
would be predicted from Carboniferous-Permian apparent
polar wander was not large relative to these uncertainties,
then the similarity between the Carboniferous directions
and the thermally demagnetized overprint directions in figure 9B supports our conclusion that the dominant
remagnetization is Permian in age.

CONCLUSIONS
Three components of natural remanent magnetization
(NRM) have been isolated in nonfossiliferous Paleozoic
red arkose and siltstone exposed on the west shore of
Saginaw Bay on northern Kuiu Island. The youngest component is either Tertiary or Cretaceous in age, has normal
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polarity, is subordinate in distribution, and was likely caused
by igneous activity represented by either the KupreanofEtolin volcanic-plutonic belt described by Brew (1994) or
the Muir-Chichagof Belt II plutonic province defined by
Brew and Morrell (1983). The next oldest component of
NRM is inferred to be Permian but predeformation in age
because of its coincidence after structural correction with
paleomagnetic directions in igneous rocks of the Permian
Halleck Formation at Saginaw Bay. This component has
reversed polarity and is the dominant magnetic overprint.
The third magnetization, inferred to be the oldest because
it has the highest thermal retention (highest unblocking
temperatures, near the Curie temperature of hematite), could
only be isolated by finding the least-squares intersection of
all the thermal demagnetization trajectories as corrected for
tectonic dips. This oldest magnetization is closely coincident with that isolated by Bazard and others (1995) in the
Lower Devonian Karheen Formation, 130 km to the south
near Craig. We conclude that these redbeds, first tentatively assigned to the Silurian by Muffler (1967), are part
of the Lower Devonian Karheen Formation, thus confirming the surmise of Brew and others (1984). Because of the
near-coincidence of paleomagnetic declinations, structural
unity appears to have existed since Devonian time across
this restricted portion of the Craig subterrane of the
Alexander terrane (fig. 1).
The paleomagnetic inclinations in the Karheen Formation correspond to a paleolatitude of about 14°, either north
or south of the Devonian equator. The paleogeographic
implications of this paleolatitude have been dealt with by
Bazard and others (1995), who concluded that combining
the paleomagnetic directions with paleontological-provincial inferences based on fauna in the underlying Silurian
Heceta Limestone leads to placement of the Alexander terrane adjacent to the Scandinavian part of Baltica, in the
Devonian southern hemisphere. Gehrels and others (1996)
have combined the paleomagnetic data with evidence of
provenance of Precambrian detrital zircons in rocks of the
Alexander terrane to conclude that the terrane could have
been adjacent to either the ancient Pacific margin of Australia-Antarctica or to that of Baltica during Late Silurian
and Early Devonian time. We add that the paleolatitudes
for other Devonian rocks in the vicinity of Craig, published
earlier by Van der Voo and others (1980), support such
paleogeographic reconstructions. Moreover, the reversed
polarity we find in two igneous rock units in the Permian
Halleck Formation, together with the almost completely
reversed magnetization in the Pennsylvanian rocks of the
Craig area reported by Van der Voo and others (1980),
corroborate the reversed polarity inferred from a study of
the Permian Pybus Formation in Keku Strait reported by
Haeussler and others (1992a), who pointed out that this
result implies that the Alexander terrane was in the northern hemisphere during the time of Pennsylvanian-Permian
reversed geomagnetic polarity.
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Description and Regional Setting of the Silver Bay Segment of
the Sitka Fault Zone, Southeastern Alaska, and Evidence for
Possible Sinistral Separation
By David A. Brew

ABSTRACT
The Silver Bay segment is part of the regional 200km-long high-angle Sitka fault zone, a zone that has had an
important role in the tectonic and metallogenic history of
the northwestern part of southeastern Alaska. The Silver
Bay segment contains kilometer-scale slivers of a distinctive highly altered dioritic rock of inferred Jurassic age that
are separated about 20 km sinistrally from Wrangellia terrane intrusive rocks of inferred Jurassic age. That separation may be the remnant of a larger post-Jurassic separation
that has been cancelled in part by dextral movements of
late Tertiary age. The inferred sinistral separation contrasts
with the dominant dextral separation of most of the major
faults in the region. The Silver Bay segment is about 40
km long and is a fault zone about 0.4-2.0 km wide that
includes different numbers of strands at different places,
gouge units, slices of the relatively undeformed Cretaceous
and other rocks that border the segment, and horses of
serpentinite, Triassic(?) metacarbonate, and distinctive Jurassic(?) diorite. The history of tectonic movements in the
vicinity of the Silver Bay segment involves several events:
(1) mid-Cretaceous compression of Chugach terrane (Kelp
Bay Group) rocks against Wrangellia terrane rocks to the
east on the Border Ranges fault; (2) coeval and perhaps
later collapse of the Sitka Graywacke flysch prism against
the Kelp Bay Group rocks to the east; and (3) subsequent
long-lived but probably intermittent Tertiary transcurrent
movements on faults approximately parallel to the ChugachWrangellia terrane boundary and to the offshore
Fairweather-Queen Charlotte fault.

INTRODUCTION
The Silver Bay segment is part of the 200-km-long
Sitka fault zone as defined by Loney and others (1975, p.
71). Plate 3 of that report shows the main parts of the Sitka
fault zone: the Islas Bay, Neva Strait, and Patterson Bay
faults. The Silver Bay segment of the Sitka fault zone pro-

vides the best and most readily accessible exposures of this
major fault and was therefore selected for the study reported here. This article describes the geologic features in
and around the Silver Bay segment together with its regional setting; in addition, it is speculated that the distribution of distinctive dioritic horses along the fault indicates
sinistral separation of about 20 km.
The Sitka fault zone is one of several major fault zones
in northern southeastern Alaska (Loney and others, 1975;
Brew and others, 1991c). It is a high-angle fault zone that
has had an important role in the tectonic and metallogenic
history of the northwestern part of southeastern Alaska.
The Sitka fault zone extends from about Yakobi Island on
the north to the east coast of Baranof Island on the south
and has three major segments: (1) an unnamed wide zone
in western Chichagof Island, referred to here as the west
Chichagof fault system, which has the Islas Bay fault as a
major component; (2) the Neva Strait fault; and (3) the
Patterson Bay fault (fig. 1). The Sitka fault zone is (1)
located close to the original site of the tectonic boundary
between the flysch and the melange facies of the Chugach
lithotectonic terrane; (2) a localizing factor, together with a
family of 50-Ma granitic plutons, of significant low-sulfide
gold-quartz deposits (fig. 1) namely, the Apex-El Nido,
Chichagof, Cobol, Sitka, and Lucky Chance districts
(Twenhofel and Sainsbury, 1958; Rossman, 1959; Brew
and others, 1991a; Taylor and others, 1994); (3) related to
past and perhaps the present regime of transcurrent continental-margin tectonics; (4) locally coincident with the Border Ranges fault, which separates the Chugach and
Wrangellia lithotectonic terranes, because of young movements on the Sitka fault; and (5) a localizing factor, together with the currently active outboard Fairweather-Queen
Charlotte fault, in the development of the Holocene-age
Mount Edgecumbe volcanic field on nearby Kruzof Island
(Riehle and others, 1992).
The most conclusive evidence of the separation in the
Sitka fault zone is 8 km of dextral offset of 50-Ma, pre-30Ma age plutonic units along its southern extension, the
Patterson fault (Loney and others, 1975, p. 72). There is
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also one place on southern Chichagof Island where offset
Cretaceous-age geologic units allow estimation of 10 km
of overall dextral displacement (see below; Loney and others, 1975; Johnson and Karl, 1985). However, near Sitka,
the fault zone is the host of kilometer-scale slivers of a
distinctive highly altered dioritic rock of inferred Jurassic
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age that suggest a maximum of about 20 km of sinistral
separation from similar Jurassic plutonic rocks in the
Wrangellia terrane. That separation may be the remnant of
a larger post-Jurassic separation (Hart, 1995) that has been
cancelled in part by dextral movements of late Tertiary
age. Alternatively, the separation could be a relict from an
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original distribution of small dioritic stocks or from dioritic
blocks having been incorporated in the Kelp Bay melange.
Regionally, there are significant numbers of plutons of Jurassic and inferred Jurassic age in the Alexander terrane in
addition to those rocks in the Wrangellia terrane (fig. 1).
At present the Sitka fault zone is aseismic (Geological Survey of Canada, 1994), and there is no evidence of offset of
Holocene deposits. However, Rossman (1959, p. 195, 196)
and Plafker and others (1994) used geomorphic features
interpreted to be fault scarps to suggest the possibility of
recent offsets on northern Chichagof Island.

GENERAL FEATURES OF THE SITKA
AND RELATED FAULT ZONES
The Sitka fault zone is on western Chichagof and
Baranof Islands between the offshore Queen Charlotte fault
(fig. 1; Carlson and others, 1979) and the inboard Peril
Strait and Chatham Strait faults (fig. 1; Ovenshine and Brew,
1972; Loney and others, 1975; Sonnevil, 1981; Hudson
and others, 1982). The Fairweather-Queen Charlotte fault
is currently among the most active in the Pacific region
and currently has about 4 cm/yr right-lateral movement
Figure 1. Sketch map of Chichagof and Baranof Islands and of
southeastern Gulf of Alaska, showing the Sitka fault zone, other
faults and lineaments, the seaward extension of the FairweatherQueen Charlotte fault system, the distribution of distinctive dioritic
bodies of inferred Jurassic age, and selected mineral-deposit
locations. Modified from Loney and others, 1975; Carlson and
others, 1979; Johnson and Karl, 1985; and Karl and others, 1988,
1990. Fault abbreviations as follows: BRF, Border Ranges; C,
Chichagof; CS, Chatham Strait; F-QC, Fairweather-Queen
Charlotte; H, Hirst; IB, Islas Bay; II, Idaho Inlet; IR, Indian
River; LS, Lisianski Strait; ML, Medveje Lake; NS, Neva Strait;
PB, Patterson Bay; PS, Peril Strait; SA, Slocum Arm; SIB, Sitkoh
Bay; SLB, Silver Bay; STB, Stag Bay; UB, Ushk Bay; WP,
Windy Passage. The Sitka fault zone includes the West Chichagof
fault system (which consists of C, IB, H, SA, STB, UB, NS, PB,
and SLB). Most of these faults are younger than the BRF (Border
Ranges fault) and have locally modified it; the BRF location is
modified from Johnson and Karl (1985) and Karl and others
(1990). Mineral-deposit districts shown by black asterisks are as
follows: AE, Apex-El Nido; CH, Chichagof; CO, Cobol; LC,
Lucky Chance; and SI, Sitka. Metaplutonic bodies interpreted
here to be "ugly diorite" (term from Karl and others, 1988) of
inferred Jurassic age are shown as black areas and are labeled
with the Loney and others (1975) numbers: 12, 13, 15, 20, and
with MV, Mount Verstovia; NK, Nakwasina Sound; OP, Olga
Point; PM, Pulp Mill at Silver Bay; ST, Starrigavan Bay; and YI,
Yakobi Island. Plutons of known Jurassic age plutons are labeled
with the Loney and others (1975) numbers: 9, 10, 11,17, 19, 21,
32, 22, and 79 for sake of completeness. The contacts of many
of the bodies identified with the Loney and others (1975) numbers
have been modified by Johnson and Karl (1985).
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(Page, 1969; Plafker and others, 1976) and has had an estimated total of 600 km of right-lateral Neogene movement
(Plafker, 1987, p. 256). The Peril Strait fault connects the
Fairweather-Queen Charlotte fault with the Chatham Strait
fault and does not offset Holocene units, nor is it seismically
active (Geological Survey of Canada, 1994). It records at
least 40 km of right-lateral movement since the middle
Cretaceous (Loney and others, 1975, p. 71). The Chatham
Strait fault is seismically active at its northern end (Brew
and others, 1995), which is north of the area shown on
figure 1; it is a major regional fault and in southeastern
Alaska records about 150-180 km of right-lateral separation since middle Tertiary time (Ovenshine and Brew, 1972;
Sonnevil, 1981; Hudson and others, 1982). Seismic activity still farther north, on the Shakwak segment of the Denali
system, currently appears to be transferred westward to the
Fairweather-Queen Charlotte fault by way of a poorly understood seismic zone in northern Glacier Bay (Horner,
1990; Brew and others, 1995). As noted above, the Sitka
fault zone itself is aseismic (Geological Survey of Canada,
1994).
The history of tectonic movements in the vicinity of
the Sitka fault zone involves several events, two of which
predate the fault movements just described. The first is
mid-Cretaceous compression of Chugach terrane (Kelp Bay
Group) rocks against Wrangellia terrane rocks to the east
on the Border Ranges fault; the second is the coeval and
perhaps later collapse of the Sitka Graywacke flysch prism
against the Kelp Bay Group rocks to the east. The subsequent history involves long-lived but probably intermittent
Tertiary transcurrent movements on faults approximately
parallel to the Chugach-Wrangellia terrane boundary and
to the offshore Fairweather-Queen Charlotte fault. A Border Ranges fault-related event is interpreted to have been
post-Early Cretaceous and pre-50-Ma because the Chugach
terrane melange is as young as Valanginian (Plafker and
others, 1976; Plafker and Berg, 1994) and the Border Ranges
fault is intruded and stitched by a 50-Ma pluton about 140
km to the north on western Chichagof Island. This event
may be dated more exactly by the middle Cretaceous age
of metamorphic minerals in the melange on western
Chichagof Island (Decker and others, 1980). The collapse
of the Sitka Graywacke flysch prism is inferred to have
occurred within the same period but to have persisted somewhat longer. These interpretations could be refined if
the precise age of the Cretaceous Sitka Graywacke were
known; Loney and others (1975) discussed the thenavailable evidence (which is still the only available evidence) and interpreted the unit's age to be Cretaceous.
The possible age correlations were also discussed by Brew
and Morrell (1979b), who concluded that no more accurate
age could be supported for the rocks in the Sitka region.
The subsequent transcurrent movements were between 50
Ma and 25 Ma based on displaced plutons (Loney and
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others, 1967, 1975), but both earlier movements and later
movements are considered possible. The speculative sinistral displacement discussed in this article could have
occurred as part of any of these episodes, or conceivably
even earlier.
The Sitka fault zone appears simple regionally, but it
is complicated in detail (Loney and others, 1975, p. 71-72;
Johnson and Karl, 1985). Between Lisianski Strait and the
north end of Neva Strait (LS and NS on fig. 1), the broad
West Chichagof fault system includes the Stag Bay, Ushk
Bay, Islas Bay (also known as Sea Level), Hirst, Chichagof,
and Slocum Arm faults, as well as a number of smaller
unnamed faults. Along Neva Strait south to about Nakwasina
Sound (NK on fig. 1) the Neva Strait fault has a single
major trace bounded by wide zones of cataclasis and some
minor strands. About 10 km north of Sitka, the Neva Strait
fault splits into at two major, but closely adjacent, strands
that are the northern expression of the Silver Bay segment.
At and north of Silver Bay itself, the Silver Bay segment
is a 0.4- to 1.0-km-wide zone with sharp bounding faults
(figs. 2, 3). South of Silver Bay, the segment connects to
the Patterson Bay fault (fig. 1) through a complex of en
echelon faults and cataclastic zones marked by lineaments.
The original mapping (Berg and Hinckley, 1963; Loney
and others, 1975) did not fully portray the scale or intensity of deformation in this particular part of the Sitka
fault zone. The well-developed lineaments on central
Baranof Island are shown in figure 2 to indicate their lack
of correspondence to any faults. Brew and others (1963)
established that only a very few of those lineaments are
faults; instead, most are related to bedding, foliation, and
joints.
At the northern end of the Sitka fault zone near
Lisianski Strait and Yakobi Island, which is close to the
juncture of the Peril Strait and Fairweather-Queen Charlotte faults in Cross Sound (fig. 1), the well defined faults
of the zone appear to die out (Loney and others, 1975;
Johnson and Karl, 1985). At its southern end, the Patterson
Bay fault is interpreted to join the Chatham Strait fault
(Loney and others, 1975).

GEOLOGIC RELATIONS IN AND ALONG
THE SITKA FAULT ZONE
The specific geologic relations in and along all of the
Sitka fault zone provide the framework for the detailed
description of the Silver Bay segment; those relations are
therefore described briefly here. The Sitka fault zone cuts a
variety of units and varies in its relation to the nearby
Border Ranges fault, which is the boundary between the
Chugach lithotectonic terrane to the west and the Wrangellia
terrane to the east (Plafker and others, 1976). The Chugach
terrane consists of the me'lange-facies Kelp Bay Group and

the accretionary flysch prism Sitka Graywacke. At the northern end of the Sitka fault zone, in the West Chichagof fault
system (fig. 1), several individual strands are sharply defined (Loney and others, 1975; Johnson and Karl, 1985)
and the system is only about 5 km from and is parallel to
the Border Ranges fault. One of the two northern strands
terminates against the Mirror Harbor gabbroic body of probable 40- to 43-Ma age (Brew, 1994). The other terminates
against the Lisianski Strait fault, which is a north-northeast-trending feature with about 2 km of possible post-50Ma right-lateral separation on the trace of the Border Ranges
fault (Johnson and Karl, 1985) that may be due to a combination of right-lateral and southeast-side-down displacement. Apparently, the movement on the West Chichagof
fault system either died out or, more likely, was transferred
to the Fairweather-Queen Charlotte fault by way of the
Lisianski Strait fault. The rocks in and to the west of the
West Chichagof fault zone consist of Kelp Bay Group
melange, Sitka Graywacke, and large kilometer-scale slivers of highly altered diorite of Jurassic(?) age that is referred to familiarly as the "ugly diorite" (Karl and others,
1988); the "ugly diorite" and other Jurassic plutonic rocks
are also present in the Wrangellia and Alexander terranes
to the northeast (fig. 1). To the east are the same units and
a tectonic collage containing a variety of small-faultbounded blocks that is part of the Kelp Bay Group as defined by Karl and others (1982).
About 20 km to the south of Lisianski Strait, near the
Chichagof gold camp,(CH on fig. 1), there is en echelon
southwestward stepping of the faults of the West Chichagof
zone, and most strands are in the Sitka Graywacke. These
strands, together with other smaller strands, merge into the
Slocum Arm fault (which is the northwestern extension of
the Neva Strait fault) about another 40 km to the southeast.
At that point, rocks of the Kelp Bay Group are on both
sides of the Sitka fault zone, and the Border Ranges fault is
less than 2 km distant from the zone. It is in this area that
the 10 km of dextral separation is estimated from Loney
and others (1975) to be present on the Slocum Arm fault.
Along the Neva Strait fault (fig. 1), most of the rocks
to the west belong to the Kelp Bay Group and Sitka
Graywacke (Loney and others, 1975), but a small sliver of
Jurassic(?) dioritic rock like that common in the Wrangellia
terrane is also exposed (fig. 2) (Karl and others, 1988,
1990). Rocks to the east are the Kelp Bay Group and a
Jurassic-age Wrangellia terrane pluton (Loney and others,
1975; Brew and others, 1988; Karl and others, 1990). To
the south is the fault segment referred to here as the Silver
Bay segment, which is described in detail below. At its
southern end, the Silver Bay segment is mostly within rocks
of the Kelp Bay Group (Loney and others, 1975; Karl and
others, 1982) and passes through a poorly understood series of en echelon branches into the Patterson Bay fault.
Along the Patterson Bay fault (fig. 1), rocks to the
west are mostly low-metamorphic-grade Sitka Graywacke
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and undivided Kelp Bay Group (Loney and others, 1975;
Loney and Brew, 1987; Brew and others, 1992). Rocks to
the east were mapped as belonging to the Kelp Bay Group
by Loney and others (1975), but the stratigraphic assign-

ment of these latter rocks is not entirely clear (Brew and
Morrell, 1979a). At its southern end the Patterson Bay fault
is interpreted to merge with the Chatham Strait fault (Loney
and others, 1975).
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Figure 2. Sketch map of the Sitka area, showing map units adjacent to the Silver Bay fault, its traces, and other fault segments
and lineaments. Modified from Loney and others (1975), Karl and others (1990), and from unpublished lineament maps by D.A.
Brew. Surficial deposits not shown. Base map compiled from Sitka and Port Alexander l:250,000-scale topographic maps.
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SILVER BAY SEGMENT DESCRIPTION
AND INTERPRETATION
The Silver Bay segment is the southern part of the
Neva Strait fault part of the Sitka fault zone as defined by
Loney and others (1975, p. 71-72, pi. 2). The present study

was undertaken primarily to provide detailed information
on this major fault zone, which is relatively accessible on
shorelines and by roads and trails; in contrast, most major
faults in southeastern Alaska are either concealed by water
or are in very difficult terrain. The detailed mapping for
this study was done intermittently, a few days at a time,
from 1981 to 1992. The study draws on earlier work by
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Figure 3. Sketch map of the Silver Bay fault at Silver Bay, showing fault traces, lineaments, and detailed map units. Based on
unpublished mapping by H.C. Berg and D.W. Hinckley, 1960; H.C. Berg, 1961; D.A. Brew, 1981-1982; and modified in part
from Loney and others (1975) and Karl and others (1990). Surficial deposits not shown. Base map compiled from Port
Alexander D-4 and Sitka A-4 l:63,360-scale topographic maps.

DESCRIPTION AND REGIONAL SETTING OF THE SILVER BAY SEGMENT OF THE SITKA FAULT ZONE

Berg and Hinckley (1963), Loney and others (1975), and
Karl and others (1990), and it incorporates some preliminary findings of the recent study of Haeussler and others
(1994).
The detailed mapping of the Silver Bay segment provides a perspective on the complexity of all of the major
Chichagof and Baranof Island faults and fault zones that
has not been available from previous reconnaissance studies. The Silver Bay segment extends from about 20 km
north of Sitka south to the Patterson Bay fault (fig. 1); it is
a fault zone (fig. 3) about 40 km long and 0.4-2.0 km wide
that includes different numbers of strands at different places,
gouge units, slices of the less deformed Cretaceous and
other rocks that border the segment, and horses of
serpentinite, metacarbonate, and distinctive Jurassic(?) diorite. The four kilometer-scale dioritic horses may have
been derived from units exposed on and near Halleck Island (fig. 2), about 20 km north of Silver Bay. They are
indicated by "OP", "ST", MV, and "PM" on figure 1 and
by the units with the symbol "Jd" on figure 3. The horses
suggest that the main sense of movement on the fault is
sinistral. This suggestion contrasts with the dextral separation of about 10 km estimated for the Slocum Arm fault
(Loney and others, 1975, pi. 1) and 8 km of right-lateral
separation on the Patterson Bay fault (Loney and others,
1975, p. 72; Brew and others, 1991b). All of these separations, except the last noted, probably resulted from the most
recent movements of late Tertiary or Holocene(?) age, and
the inferred 20 km of sinistral separation may be the remnant of an older and larger separation that has been reduced by younger dextral movements. Two alternative
explanations for the distribution of the diorite slices have
been proposed: G. Plafker (U.S. Geological Survey, written commun., 1996) suggested that the slices were originally olistostromal blocks in the Kelp Bay Group melange
rather than being fault blocks derived from now-exposed
plutons. The source or provenance of the olistostromal
blocks would presumably be the same Jurassic-age plutons
noted above. The other alternative explanation is that the
slices are fault-modified stocks that are more or less in
their original locations.
The wide variety of rock types and units in the Silver
Bay fault segment, the fact that some of the rocks now in
the segment were metamorphosed before their incorporation in the zone and their original character thus obscured
local cross-faulting, and the absence of exposure except
along roads, trails, and shorelines all complicate the mapping of the fault. The fault strands have been mapped in
the highland areas by a combination of field observations
and interpretation of topography, aerial-photo features, and
side-looking-aperture-radar images. Some of the complexities readily discernible from detailed mapping (figs. 2, 3)
are that (1) no single major strand continues for more than
several kilometers; (2) major strands are offset from each
other by less than 1 km; (3) major strands generally under-

313

lie the major waterways; (4) the number of strands increases
from two about 15 km north of Sitka to a maximum of five
near the mouth of Silver Bay, then decreases to three at the
head of the bay; (5) slices near the sides of the fault zone
are comprised mostly of rocks adjacent to the fault; (6)
serpentinite lenses occur along some strands but are small
and local; and (7) structural strikes in rocks within each
slice tend to parallel the adjoining strands. The two major
slices in the northern part of the fault are described in more
detail below.
The fault slices noted in point (5) above are so abundant and so narrow near the head of Silver Bay that they
are classified as a separate fault-bounded map unit (TKf on
fig. 3). The individual slices consist of lozenges and horses
of graywacke, slate, and argillite like that in the Sitka
Graywacke bounding the fault segment.
A variety of types and orientations of shear-sense indicators would be expected in the fault zone given its complex history. There could be indicators associated with the
compression of the Chugach terrane Kelp Bay Group rocks
against Wrangellia terrane rocks to the east on the Border
Ranges fault in the mid-Cretaceous (Loney and others, 1975,
p. 64, 66; Haeussler and others, 1996). These include the
coeval and perhaps later collapse of the Sitka Graywacke
flysch prism against Kelp Bay Group rocks to the east, and
one or more of the subsequent and probably intermittent
transcurrent movements on the Border Ranges fault and on
related parallel faults. Only two areas are reported to have
shear-sense indicators on the Border Ranges fault or other
faults on Chichagof and Baranof Islands: (1) Pavlis and
others (1989) and Roeske and others (1992) determined a
dextral sense in the Border Ranges fault zone in Glacier
Bay about 230 km north of Sitka and interpreted that movement to have been post-Early Cretaceous. (2) Haeussler
and others (1994) reported a strong subhorizontal preferred
orientation of cobbles in Sitka Graywacke conglomerates
in the Silver Bay fault zone and subhorizontal dextral
slickenlines on young fault surfaces; the former are interpreted here to have resulted from the stress regime during
the deformation of the flysch prism, and the latter are interpreted to indicate at least part of the later transcurrent movement regime. Structural studies by Davis (1996) indicate a
transtensional origin during the deformation of the flysch
prism. In the present study, the Jurassic(?) dioritic rocks in
the fault slices north of Sitka and near the mouth of Silver
Bay were examined for shear-sense indicators; a poorly
developed S-C fabric involving deformed phenocrysts exists in dioritoid enclaves at both localities, but no unambiguous kinematic interpretation could be made. There are,
therefore, no reported indicators with a sinistral sense, and
few reported with a dextral sense, anywhere in the region.
Two cross-sectional exposures of the Silver Bay fault
segment near Sitka demonstrate the complexity of the rocks
in the zone. One is at Starrigavan Bay, about 10 km north
of Sitka (ST on fig. 1), and one is at the north end of Silver
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Bay (near PM on fig.l; fig. 2). At Starrigavan Bay, highly
deformed and altered Jurassic(?) diorite on the east is separated by a young gouge zone from Kelp Bay Group slaty
argillite, argillite, metavolcanic rocks, and minor polymictic
conglomerate to the west and by an inferred fault from
similar melange with at least one block of Triassic-age
carbonate to the east. This occurrence of metacarbonate is
significant because it is the same age as larger carbonate
blocks in the melange unit 70 km to the north and may be
the same age as the metacarbonates within the Silver Bay
segment at Silver Bay.
The diorite is now irregularly foliated, with the internal foliation of relict dioritoid blocks angularly discordant
to the foliation in enclosing mylonitic matrix and to the
overall trend of the young gouge zone. The diorite is best
described as very fine to medium-grained chlorite-quartzfeldspar gneiss with a color index of about 15-50. The
interpretation that it is a Jurassic(?) body is based on the
similarity between the few, less deformed, small dioritoid
enclaves that are present in this fault slice and the
undeformed diorite in the dated Jurassic body about 4 km
to the north on the northeastern side of the Border Ranges
fault (figs. 1, 2; Loney and others, 1967, 1975). The gouge-zone contact of the diorite with the rocks to the west is
mostly concealed beneath the unconsolidated deposits in a
valley. An apparently similar gouge zone that developed in
the Kelp Bay Group rocks to the west is within meters of
the contact of Kelp Bay-affinity argillite and polymictic
conglomerate of the Sitka Graywacke farther west, but this
zone is largely covered by shoreline rip-rap.
The exposures at the northwest end of Silver Bay, near
the Pulp Mill (PM on fig. 1), indicate that most of the
rocks within the fault segment are from the Sitka
Graywacke. These exposures have more fault strands than
do the Starrigavan Bay exposures. However, as at
Starrigavan Bay, the rocks to the northeast of the fault zone
are assigned to the melange facies of the Kelp Bay Group
(fig. 3.) and consist of mixed phyllite, chert, graywacke,
argillite, greenstone, and greenschist. At Herring Cove,
which is near the mouth of Silver Bay, and on for about 5.5
km to the south-southeast (fig. 3), there are meter-scale
blocks of unfossiliferous metacarbonate inferred on the basis of lithologic similarity to the fossiliferous block east of
Starrigavan Bay (Karl and others, 1990) to be of Triassic
age. Neither outcrop yielded any conodonts (A.G. Harris,
U.S. Geological Survey, written commun., 1982; B.R.
Wardlaw, U.S. Geological Survey, written commun., 1988).
Within the fault-sliced Sitka Gray wacke is a large (figs.
2, 3) sliver of the highly altered diorite of inferred Jurassic
age that is similar to the one at Starrigavan Bay. The least
altered parts of the highly altered diorite are foliated, seriate,
fine- to coarse-grained chlorite diorite with a color index of
about 40. This is the southernmost outcrop of this "ugly
diorite" rock type in the Chugach terrane in southeastern
Alaska.

SUMMARY
The Silver Bay fault segment is perhaps the best exposed of any southeastern Alaska fault. It is part of the
200-km-long Sitka fault zone, whose complicated history
probably starts with the rheologic discontinuity between
the outboard flysch and inboard melange facies of the
Chugach lithotectonic terrane. That boundary was modified during collapse of the Chugach terrane against the
Wrangellia terrane to the east; that fault, in turn, was modified by repeated intermittent transcurrent movement from
Late Cretaceous to sometime during mid-Tertiary time. In
its present form, the Silver Bay segment has multiple strands
with somewhat different characteristics. It also contains intervening slices composed of diverse map units, including
lenses of Jurassic(?) diorite and Triassic(?) metacarbonate
that are interpreted to have been displaced from the
Wrangellia terrane and lenses of serpentinite of uncertain
origin. The youngest movements on the fault were dextral
and transcurrent, as were probably most of the Late Cretaceous and early Tertiary movements, but the distribution of
remnants of the Jurassic(?) diorite suggest the possibility
that part of the transcurrent regime was sinistral.
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