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Cover. The Mint River is one of many drainages in the northwestern Seward Peninsula
that provide surface runoff and sediment load into Lopp Lagoon and the Bering Sea. Recent
geochemical studies (see article by Parnow and others, this volume) indicate that stream
sediments collected from some drainages in this area contain anomalous concentrations of
arsenic and tin, reflecting the presence of known tin-bearing granites and associated
mineral deposits in this area. Although detrital arsenic and tin may be naturally entering the
nearshore marine environment, the data suggest that solution transport of metals is
extremely insignificant.
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U.S. Geological Survey, 1997

Edited by Karen D. Kelley

Introduction

By Karen D. Kelley

The eight papers that follow continue the series! of U.S. Geological Survey (USGS)
reports on investigations in the geologic sciences in Alaska. The series presents new and
sometimes preliminary findings that are of interest to earth scientists in academia, govern-
ment, and industry; to land and resource managers; and to the general public. Reports pre-
sented in Geologic Studies in Alaska cover a broad spectrum of topics from all parts of the
State (fig. 1), which serves to emphasize the diversity of USGS efforts to meet the Nation's
needs for earth-science information in Alaska.

The papers in this volume are organized under the topics Resources, Geologic Frame-
work, and Environment and Climate. Such an organization is intended to reflect the scope
and objectives of USGS programs currently active in Alaska. Resource papers include one
that presents detailed observations from a Mississippian Zn-Pb-Cu-Ag occurrence in the
Brooks Range (Werdon). Mineralogic, chemical, and isotopic data provide the basis for a
proposed relationship between this vein-breccia deposit and the shale-hosted massive sulfide
deposit type, which includes the active Red Dog mine in the western Brooks Range. Also
included under the topic of Resources is a paper that presents geochemical and isotopic data
from the Greens Creek and Woewodski Island volcanogenic massive sulfide deposits in
southeastern Alaska (Newberry and Brew). The depositional environment and sedimentolog-
ical setting of Tertiary coal beds in the Matanuska and Susitna Valleys is the focus of a third
paper under the topic of Resources (Flores and others).

Geologic Framework studies provide background information that is the scientific basis
for present and future studies of the environment, mineral and energy resources, paleocli-
mate, and hazards in Alaska. One paper presents the results of sedimentologic and paleonto-
logic comparisons of lower Paleozoic, deep-water-facies rock units in central Alaska
(Dumoulin and others). The authors show which of these units are likely to correlate with
one another, suggest likely source regions, and provide a structural restoration of units that
have been fragmented by large fault motions. A second framework paper provides a map,
rock descriptions, and chemical compositions of volcanic rocks in a newly recognized,
geologically young volcanic center in the Aleutian volcanic arc (Hildreth and others). A third
paper presents an interesting summary of gravity changes that occurred in south-central
Alaska during the great earthquake of 1964 and for the following 25 years (Barnes). Gravity
changes correlate with land-elevation changes in some cases, but not in others, which means
that different processes are responsible for the gravity changes.

! From 1975 through 1988, the Geologic Studies in Alaska series was published as USGS Circulars,
which were initially titled “The United States Geological Survey in Alaska: Accomplishments during 19xx."
From 1989 to 1994, the series was published as the more formal USGS Bulletins. As a result of
reorganization of USGS publications, beginning in 1995 the series has been published as USGS
Professional Papers.
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Environmental studies are the focus of two papers. One study discusses the nature and
origin of uncommonly high arsenic and heavy-metal concentrations in stream sediments of
the northwestern Seward Peninsula, a region of traditional subsistence living (Parnow and
others). A second study evaluates the chemical characteristics of natural waters north of Fair-
banks, an area known for atypically high arsenic concentrations in ground waters (Goldfarb
and others).

Two bibliographies at the end of the volume present reports about Alaskan earth sci-
ences in USGS publications during 1997, and reports about Alaska by USGS authors in non-
USGS publications during the same period.

Introduction 3
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Geologic Setting of Mississippian
Vein-Breccias at the Kady Zn-Pb-Cu-Ag
Prospect: Plumbing System for a

Failed Sedex Deposit?

By Melanie B. Werdon

Abstract

The north-central and northwestern Brooks Range of
Alaska hosts widespread Zn-Pb-Ag shale-hosted massive sulfide
(Sedex), vein-breccia, and disseminated sulfide deposits. The
vein-breccia and disseminated occurrences show no obvious
igneous association and are hosted by a deformed, but only
weakly metamorphosed, package of Upper Devonian to Lower
Mississippian mixed continental and marine clastic rocks (the
Endicott Group). The Sedex deposits (i.e., Red Dog, Drenchwa-
ter) are hosted by black siliceous carbonaceous shale and mud-
stone of the Mississippian to Pennsylvanian Kuna Formation.
Previous studies have suggested that the vein-breccia zones are
either Carboniferous or were formed along Mesozoic or post-
Mesozoic faults. This study documents a Mississippian age for
the Kady vein-breccia prospect and investigates the physical and
chemical controls on ore formation.

Early diagenetic and hydrothermal features at the Kady Zn-
Pb-Cu-Ag vein-breccia prospect provide insights into Carbonif-
erous basinal dewatering of the Upper Devonian to Lower
Mississippian Endicott Group in the northern Brooks Range,
Alaska. Sulfides at Kady occur in several subparallel, quartz-
dominated, linear vein-breccia zones (1-35 m wide, with a min-
imum strike length of about 800 m), which are offset by Meso-
zoic structures, and as permeability-controlled, strata-bound
disseminated cements in gray sandstone in a 5-km by 3-km area.
Sphalerite ((Zng; 5.99.7 Feg 1.17.9, Cd 1.0.9)S) is the dominant
sulfide mineral, followed by galena, chalcopyrite, minor pyrite,
trace bravoite and Ag+Sb=Pb sulfosalts, and extremely rare
pyrrhotite. The relative proportion and volumetric abundance of
the primary minerals varies widely within and between vein-
breccia zones. Main stage quartz+sulfide (+late calcite) vein-
breccia zones cut rare early ankerite and siderite veins. Sulfides
and quartz precipitated during a steep drop in temperature, pos-
sibly during the change from lithostatic to hydrostatic pressure
during extensional faulting, from a relatively low temperature (<
250°C), slightly acidic, carbon-destructive hydrothermal fluid.
Textural and mineralogical data indicate that sulfides and quartz
were deposited under evolving chemical conditions (i.e.,
increasing pH, fugacity of oxygen, and fugacity of sulfur).

The lack of known Sedex mineralization in the north-
central Brooks Range suggests that Kady represents the hydro-
thermal fluid pathway below a failed or nonexistent Sedex
system. Although early diagenetic processes within the Endicott
Group were favorable for the mineral-destructive release of base
metals from detrital minerals, base metals were not transported
and deposited in overlying shales but, rather, were deposited
within the Endicott Group. Unfavorable conditions may have
existed for Sedex deposit formation above the Kady prospect
including one or more combinations of the following: boiling
above the level of the vein-breccia system leading to rapid
precipitation of base metal sulfides in the vein-breccias; disper-
sion of buoyant, low-salinity, metal-bearing fluids (if they
reached the sea floor) such that metals would not be deposited
and accumulated in massive amounts; and a short-lived, low-
temperature system.

Introduction

The Kady Zn-Pb-Cu-Ag vein-breccia and disseminated
sulfide prospect is located in the southwestern part of the Killik
River quadrangle in the north-central Brooks Range, Alaska
(fig. 1). Kady is located within Gates of the Arctic National Park
near the headwaters of a tributary to Outwash Creek at lat
68°12'N. and long 154°58'W. in T. 32 N., R. 17 E.

Numerous Zn-Pb-Ag vein-breccia and disseminated sul-
fide occurrences were discovered in the northern Brooks Range
during reconnaissance studies by the U.S. Bureau of Mines and
U.S. Geological Survey in the 1970's to 1990's (e.g., Jansons
and Parke, 1981; Jansons, 1982; Meyer and Kurtak, 1992;
Kelley and others, 1997). These vein-breccia and disseminated
sulfide occurrences are hosted by arenaceous, mixed
continental-marine clastic rocks of the Upper Devonian to
Lower Mississippian Endicott Group and extend from the west-
ern Brooks Range, near Red Dog, eastward to the Killik River
quadrangle. The Kady prospect was discovered in 1985 by trac-
ing stream-sediment geochemical anomalies to their source
(Duttweiler, 1987).
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Figure 1.
Mull and others (1994) and Mull and Werdon (1994).

Mineralized rocks at Kady occur within the Endicott Moun-
tains allochthon, a regionally extensive package of predomi-
nantly sedimentary rocks of Devonian to Cretaceous age, which
are part of the Brooks Range fold-and-thrust belt. Two tectonic
events of significance have been recognized within (or have
affected rocks of) the Endicott Mountains allochthon: (1) Mis-
sissippian to Pennsylvanian(?) extension, and (2) compression
during the Late Jurassic to Early Cretaceous Brookian orogeny.
Extension during Mississippian to Pennsylvanian(?) time in the
northern Brooks Range is suggested by abrupt facies changes
and inferred normal faults (Moore and others, 1986), shale-
hosted stratiform or sedimentary exhalative (Sedex) massive
sulfide deposits (Moore and others, 1986; Forrest, 1983), and
regionally extensive, but volumetrically minor, volcanic tuffs
and intrusions within Mississippian- to Pennsylvanian-age units
(Werdon, 1996; Mull and Werdon, 1994). Alkaline volcanic
rocks at the shale-hosted Red Dog and Drenchwater massive
sulfide deposits have “°Ar/*°Ar plateau ages ranging from 343
Ma to 336 Ma (Werdon and others, 1998). Northward emplace-
ment of allochthons during the Mesozoic Brookian orogeny is
related to convergence between the continental Arctic Alaska
terrane and the interior of Alaska (Moore and others, 1994).

A reconnaissance study by Ellersieck and others (1990) has
suggested that the vein-breccia occurrences may either be feeder
zones to Carboniferous Sedex deposits or may have formed
along Mesozoic or post-Mesozoic faults in the Brooks Range.
Although the Zn-Pb-Ag geochemical signature and relative
stratigraphic position of the vein-breccia occurrences suggests
that they may be genetically related to the Sedex hydrothermal

Geologic map of the southwest part of the Killik River quadrangle, north-central Brooks Range, Alaska. Geology modified from

event, previous studies have not provided evidence
documenting a Carboniferous age for the vein-breccia
occurrences. The timing of Sedex and vein-breccia
mineralization in the northern Brooks Range has recently been
investigated by the “°Ar/*°Ar laser step-heating method (Werdon
and others, 1998). Volcanic tuffs, breccias, and small intrusions
at Drenchwater have been cut and partially replaced by sulfide
mineralization (Werdon, 1996). Biotite from the intrusions
provides an estimate of the maximum age for the Sedex
mineralizing event. A 3-m-thick, hydrothermal white mica
altered igneous sill(?), which intrudes the Ikalukrok unit of the
Upper Mississippian to Pennsylvanian(?) Kuna Formation, was
also dated from the south side of the main Red Dog deposit.
The igneous sill(?) consists of intergrown fine-grained white
mica, clay(?), and granular quartz, and it is cut by hydrothermal
quartzztsphaleriite+pyritexgalena+white mica veins. The
plateau age of this whole-rock sample records the time at which
temperatures cooled below the argon closure temperature of
hydrothermally produced white mica (interpreted as
representing the late stage of the hydrothermal system). The
biotite from Drenchwater and the white mica from the sill(?) at
Red Dog suggest that the maximum and minimum age limits
for the Sedex mineralizing event are approximately 337 Ma and
about 314 Ma, respectively (Werdon and others, 1998).
Recrystallized detrital white mica from sandstone adjacent
to a quartz-sulfide vein at Kady was also dated by the “°Ar/*Ar
laser step-heating method (Werdon and others, 1998). Plateau
ages of 324+2 Ma and 325+2 Ma, and an isochron age of 324+3
Ma were obtained from three whole-rock sandstone chips from

6 Geologic Studies in Alaska by the U.S. Geological Survey, 1997



the same hand specimen. Although these dates fall within the
4OAr/*Ar timing constraints for the Carboniferous Sedex miner-
alizing event, it could be argued that the ages represent a
regional heating event if the field and petrographic data suggest
that mineralization at Kady did not occur during Carboniferous
time. In addition, lead isotopic compositions of galena at Kady
(Gaccetta and Church, 1989; Werdon, 1998) are statistically
indistinguishable at 26 from those of galena in the shale-hosted
Red Dog, Lik, and Drenchwater massive sulfide deposits (Gacc-
etta and Church, 1989). The isotopic similarity suggests a simi-
lar source for the lead in these deposits, and it suggests, but does
not require, that these deposits are the same age because lead
isotopic ratios do not change when physically remobilized.

The data presented in this paper document that the mineral-
ization at the Kady vein-breccia prospect is Carboniferous in
age. The physical and chemical controls on ore formation are
also discussed. Unlike most vein-breccia occurrences in the
northern Brooks Range, the Kady prospect is well exposed and
the geologic and structural relationships are clear. The lack of
extensive weathering allowed detailed examination of the miner-
alized zones and determination of the composition, cementation,
diagenetic history, and hydrothermal alteration of the host rocks.
Investigation of the host rocks was undertaken to (1) evaluate
the local Endicott Group's potential as a source of Zn, Pb and
Cu, (2) characterize wallrock alteration adjacent to the vein-
breccia zones, and (3) investigate the stratigraphic controls of
both disseminated and vein-breccia mineralization. The lack of
known Sedex mineralization in the Killik River quadrangle sug-
gests that the Kady prospect represents the hydrothermal fluid
pathway below a failed or nonexistent Sedex system. Kady pro-
vides a good opportunity to examine why Sedex mineralization
may not have formed.

Methods

Geologic and structural mapping of the Kady area was con-
ducted at a scale of 1:15,840 during 19 days in the field. The
size, texture(s), and mineralogy of each vein-breccia and dis-
seminated sulfide zone was recorded. Forty-five doubly-polished
thin sections of vein- and breccia-textured ore were examined by
transmitted- and reflected-light petrography. Eight doubly-pol-
ished, 30-um thin sections of sphalerite were quantitatively ana-
lyzed for Zn, Fe, Cd, Mn, and S using the University of Alaska-
Fairbanks Cameca electron microprobe. Standards used for cali-
bration include: MnS (Mn, S), Fe,,Zn,S (Fe), and CdSZnS (Cd,
Zn). Analytical operating conditions include an accelerating
potential of 25 keV, a beam current of 20 nA, and a beam diam-
eter of 1 um. Weight-percent analyses were converted to mole
percent. Additionally, the sphalerite color for each point was
recorded.

Selected hand samples of visibly mineralized rocks at Kady
were analyzed for major and trace elements by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES), and
rocks suspected of containing elevated levels of Ag, Zn, Pb, and
Cu were analyzed by fire assay (Meyer and Kurtak, 1992). All
Au analyses were determined by the fire-assay method. Several
pulps from this data set were also analyzed for trace elements by
X-ray fluorescence (XRF) to confirm suspected interference

problems (discussed in text). Interference problems in fire-assay
analyses for Au occurred in samples that contain greater than 2
percent Pb.

Sphalerite, galena, chalcopyrite, and pyrite separates were
made by cutting out selected areas with a trim saw, crushing to
between 30 and 100 mesh, washing, and then hand-picking
grains under high magnification to minimize contamination
between phases. Sulfur isotopic analyses for sphalerite, galena,
chalcopyrite, and ore-stage pyrite are reported as per mil varia-
tions with respect to the Canyon Diablo iron meteorite. Samples
were analyzed by Geochron Laboratories, Inc., Cambridge,
Mass., and have analytical uncertainties of +0.2%o at 2G.

Hydrothermal quartz separates were made by cutting out
selected pieces of quartz from both vein- and breccia-textured,
sulfide-bearing samples. Oxygen isotopic compositions
obtained from hydrothermal quartz are reported as per mil (%o)
variations of '%0/'°O with respect to standard mean ocean water
(SMOW). Samples were analyzed by Dr. K.L. Shelton, Univer-
sity of Missouri-Columbia, and the analytical precision is gener-
ally better than +0.1%o at 1.

Approximately 115 clastic rocks and their cements at Kady
were examined petrographically, by electron microprobe energy
dispersive spectroscopy (EDS), and by cathodoluminescence
(CL) (operated at 20-25 keV). The results are summarized in the
Appendix.

Fluid-inclusion temperature and salinity data were obtained
from vein quartz at Kady. The individual analyses are presented
in Werdon (1998), along with a complete description of the
samples, sample locations, and analytical methods.

Geology and Structure of the Kady Area

Stratigraphic units in the Kady area are part of the Lower
Mississippian to Upper Devonian Endicott Group, which
includes the Hunt Fork Shale, Noatak Sandstone, Kanayut Con-
glomerate, and Kayak Shale. The Hunt Fork Shale is exposed
along a fault separating a south-dipping upright section of
Noatak Sandstone to the south from an overturned, south-
dipping section of the Noatak Sandstone to the north (fig. 2).
The Hunt Fork Shale consists of brown, fine-grained, carbonate-
cemented sandstone interbedded with variably micaceous, gray-
ish-black, compact to fissile shale. The Hunt Fork Shale served
as a large-scale detachment surface in the Kady area; therefore,
stratigraphically underlying units are not present. The thickness
of the Hunt Fork Shale is difficult to determine because it is
typically structurally thickened or thinned, but it is estimated to
be greater than 500 m thick in the Kady area (Mull and others,
1994).

The lower part of the Noatak Sandstone is exposed in the
core of several anticlines (fig. 2). The lower part of the Noatak
Sandstone in the Kady area consists of interbedded red-brown to
black shale; red-brown siltstone; brown, fine- to medium-
grained calcareous sandstone; and lesser orange-brown sandy
limestone. It is characterized by distinctive, manganese-oxide-
coated, carbonate-rip-up-clast layers (intra-formational litho-
clast conglomerates) within calcareous sandstones, and small
(less than 2 ¢cm) brachiopods. The brachiopods are similar to
brachiopods in Devonian units elsewhere in the northern Brooks

Geologic Setting of Mississippian Vein-Breccias at the Kady Zn-Pb-Cu-Ag Prospect 7
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Range (R. Blodgett, oral commun., 1993). The thickness of the
lower part of the Noatak Sandstone is estimated to be approxi-
mately 50 m, and it is depositionally overlain by the upper part
of the Noatak Sandstone.

The upper part of the Noatak Sandstone in the Kady area is
a light greenish brown, medium-grained, thin wavy-bedded to
crossbedded to massive, partially to completely carbonate-
cemented sandstone (fig. 3A). It is characterized by patchy
poikilitic carbonate cement, calcareous concretions (as large as
30 cm in diameter) (fig. 3B). thin black shale flasers, variably
micaceous partings, and small patches of disseminated pyrite
(fig. 3C). The thickness of the upper part of the Noatak Sand-
stone is estimated to be about 170 m. The carbonate cement
content decreases as the Noatak Sandstone grades upward into
the Kanayut Conglomerate.

The Kanayut Conglomerate in the Kady area consists of
interbedded gray sandstone, red-brown siltstone and shale, and
minor calcareous sandstone and quartz-chert-pebble conglomer-
ate. It contains occasional limonite rip-up clasts, carbonaceous
plant fragments, thin coal beds, and intergranular carbonaceous

material that highlights bedding within sandstone. The gray
sandstone at the base of the Kanayut Conglomerate is a
distinctive marker bed; it forms massive, prominently outcrop-
ping ridges covered by black lichen. The gray sandstone is dom-
inantly quartz cemented (generally less than or equal to 5
percent carbonate cement) and contains fining-upward
sequences (fig. 3D), trough crossbedding, planar bedding, and
minor, thin conglomerate beds (pebbles as large as 4 cm in
diameter; average less than or equal to 2 cm) (fig. 3E). Thinner,
erosion-resistant, gray sandstone layers are interbedded with
reddish-brown siltstone, maroon to black shale, and conglomer-
ate in the upper half of the Kanayut Conglomerate. The thick-
ness of the Kanayut Conglomerate is estimated to be about 300
m. The Kayak Shale depositionally overlies the Kanayut Con-
glomerate, but it was not examined as part of this study.
Sedimentary rocks of the Endicott Group are complexly
and spectacularly folded and faulted in the Kady area. The initial
stages of Mesozoic compression produced kilometer-scale folds
(open and overturned antiforms and synforms) (figs. 2, 3F). The
axes of the folds trend roughly N. 75° E., and their axial planes

Figure 3. Endicott Group clastic rocks and structures: A, Over-
turned crossbedding inthe upper part of the Noatak Sandstone (Dn);
B, Calcareous concretions in upper Dn; C, Organic material re-
placed by diagenetic pyrite in Dn; D, Graded bedding with fining-up-
ward sequences in sandstone, Kanayut Conglomerate (MDk); £,
Quartz-chert pebble conglomerate bed in MDk; F, Open anticline
and syncline; G, Monocline on south limb of a major anticline, look-
ing northeast. Hand lens is 2.5 cm by 2 cm; yellow field book is 12 cm
by 19 cm.

Geologic Setting of Mississippian Vein-Breccias at the Kady Zn-Pb-Cu-Ag Prospect 9



dip moderately to steeply to the south. A distinctive, west-plung-
ing monocline occurs on the south flank of the large anticline in
the central map area (fig. 3G). A structural cross section through
the Kady area (fig. 4) shows the relatively incompetent Hunt
Fork Shale overlain by the Noatak Sandstone and the sandstone-
dominated lower part of the Kanayut Conglomerate, which form
a relatively competent layer. Incompetent shale-rich units in the
upper Kanayut Conglomerate are structurally thickened and
internally folded within the cores of anticlines. Continued com-
pression produced thrust faults subparallel to fold axes and a
conjugate set of reverse faults. Offset on thrust faults in the Kady
area is on the scale of a few hundred meters or less.

The Mesozoic structural style varies significantly from east
to west. For example, the major anticline north of the monocline
is overturned on its eastern end (fig. 2). To the west, the anticline
progressively changes into an open fold, an open fold with an M-
shaped core, and on the western end one limb is overturned and
faulted away. Two north-northwest-trending, high-angle faults in
the southern half of the map area (fig. 2) separate areas with dif-
ferent structural styles.

A late, east-trending normal(?) fault is present in the north-
ern half of the map area (fig. 2). This fault is parallel to Meso-
zoic thrust faults and could also be interpreted as a thrust fault
with younger-over-older-style displacement. One north-north-
west-trending fault in the northern map area offsets the east-
trending fold and fault structures.

Mineralization

Distribution and Field Description of Sulfide
Mineralization

The Kanayut Conglomerate is the main host for vein-
breccia and disseminated sulfide mineralization at Kady, with
lesser amounts occurring in the Noatak Sandstone. Sulfide
minerals include sphalerite, galena, chalcopyrite, and minor
pyrite. Most mineralization occurs within a subparallel set of
vein-breccia zones that strike approximately N. 25° W. and dip
steeply west (fig. 5). Vein-breccia zone U is the widest (as wide
as 37 m) and highest grade mineralized zone (figs. 6A and 6B).

METERS A

Vein-breccia zones B-C-E-F-G and L-K-H are interpreted to be
formerly continuous and subparallel systems (fig. 6C)—both of
these vein-breccia zones terminate at the Mesozoic thrust faults
that bound their north and south sides, and the apparent changes
in strike, in part, reflect topographic variations. Vein-breccia
zone B-C-E-F-G is offset approximately 12 m along a small
normal fault near C, and there is a thrust fault between F and G,
and K and H. This structural evidence supports the interpreta-
tion that the vein-breccia zones were present before Mesozoic
deformation. Vein-breccia zones U-V, M, P and possibly A (fig.
5) are also part of this subparallel set. Vein-breccia zones with
approximately east-west orientations include D, AB, AC, and a
small breccia zone near E (fig. 5). Vein-breccia zone D is paral-
lel to the fold axis of an anticline, and its orientation may sug-
gest that minor sulfide remobilization accompanied Mesozoic
deformation.

Although most vein-breccia zones have an overall linear
strike orientation, one vein at H is slightly folded (fig. 6D).
Other veins at H occur in thin-sheeted vein sets (fig. 6F), or
pinch out and are cut by late faults with minor slip (fig. 6F).
Most veins at Kady are wider in brittle sandstone units and
pinch out or disappear entirely in less competent shale units.
The vein-breccia zones cross bedding at steep angles and are
roughly perpendicular to the axial traces of large-scale Meso-
zoic folds and thrust faults (fig. 5). The approximately N. 55° E.
trend is the extensional direction in the Mesozoic contractional
event and could be interpreted as evidence for vein formation
during or after Mesozoic deformation. The offset of Mesozoic
fold axes along several of the western vein-breccia zones (figs.
2, 5) could either be interpreted as evidence (1) for vein forma-
tion after Mesozoic deformation, or (2) that Carboniferous min-
eralized zones acted as planes of weakness during Mesozoic
deformation. Sheeted quartz veins at S are cut off by a later,
inferred, Mesozoic fault. Mineralization has been variably
deformed depending upon the competency of the host rock,
degree of wallrock silica flooding, and the location within a
given structure. Quartz-sulfide mineralization is often cut by
penetrative cleavage, joints, and (or) stylolites.

Gray sandstone within the Kanayut Conglomerate contains
sparse disseminated sphalerite and galena (generally less than
0.1 percent Zn+Pb), both adjacent to and distal from the vein-
breccia zones (fig. 5). Sulfide-bearing sandstone is recognized

1900 <4— Direction of Mesozoic thrusting
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Figure 4. Structural cross section through the Kady area.
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A 1-m-wide Sp-dominant vein with lesser Q, Cp & G 65-m-wide zone w/ barren Q veins +/- late Cal. PQ Discontinuous between P&Q. 5-m-wide zone of X Bleached, iron-stained, gray sandst. cut by Q
Gl. Numerous <2 cm Q veins over 150 m area. Largest Q vein 1.7 m wide, numerous smaller parallel Q veins to 7.5 cm at point Q. Q-veining, veins w/ Sp+ minor Cp, Gl & Cal. Zone is
Bleached gray sandstone w/ tr dissem. Sp & Gl. Q veins to 25 cm. Large Q vein slightly folded. bleaching & iron-staining of gray sandstone at P. approximately 10 m wide.

B 25-m-wide zone of Q+Cp+Py bx w/ peripheral H Numerous Q veins w/ Cp+Sp=tr Gl+/-late Cal up R 3.8- to 10-m-wide, complex vein-bx zone. Clasts ~ YZ Bleached, iron-stained, gray sandst. Porous,
veinlets (<2 cm) of Q+Gl+Cal; Bleached, gray to 25 cm wide). Carbonate cement removal halos, of sandston, shale & sulfides. Barren Q veining to likely contains disseminated Sp or Gl. Sandst.
sandstone w/ iron-staining, tr dissem. Sp & Gl. & bleaching near veins. Secondary Azur. & Mal. north. Q, Sp & Cp dominant, minor Gl, Py & Cal. partially cemented by zinc carbonate.

C Sandstone bx, cemented & cut by Q+Sp+tr Gl, IJ Bleached, iron-stained, gray sandstone. Very S 30 m zone of stockwork Q veins +/- Cal. Fault at AA 1-m-wide zone of thin (<3 cm) parallel Q
cut by late Cal veins. 5-m-wide gossanous area porous, likely contains disseminated Sp or Gl. Cut base of outcrop contains in inversely-graded breccia veins. Paragensis from Q to tr Gl+dark Sp+tr
of massive zinc-carbonate. by a few minor Q veins (<2 cm wide) w/ tr Sp. w/ clasts of sandstone cemented by Q + tr Py. Py+Cp(?) to light Sp.

D 10-m- by 40-m-zone of bx oriented parallel to axis KL Discontinuous vein-breccia zone up to 10 mwide. T  1.5-m-wide bx zone. Sandstone clasts to 75 cm & AB 50-m- by 10-m-breccia zone of sandst. clasts
of antiform. General paragensis: sandstone bx to Q w/ leser Sp & GI, mostly in sandstone, minor 2 clasts of Sp+Q, cemented by Q+tr Sp+late Cal. w/ Q cement. Intergrown Q & light to medium
chalced. Q to blk. Sp to chalced. Q to vell. Sp to Q. amount in shale. Minor Q-Cal veins at L. 5- to 15-cm-wide Sp vein along bx zone footwall. orange Sp w/ net texture in 5-m- by 2-m-area.

E 30-m-wide zone of numerous Q veins (<6cm wide) Bleached, iron-stained, porous, gray sandstone that |J\/ 30- to 37-m-wide fault zone. Sandstone blocks AC Bleached, porous, iron-stained, gray sandst.
+/-Sp+/-Gl. Some brecciation of sandstone. Minor likely contains disseminated Sp or Gl. Cut by Q to 20 m. Dominantly Q veining w/ variable Sp w/ trace disseminated Sp(?). 10-m- by 1-m-
black shale in sheared area. veins (<2 cm wide) w/ tr Sp. Zone width varies. & Gl, and trace Cp. Zone narrows towards V. zone of thin Q veins w/ minor Sp+Gl.

F 25-m-wide area of brecciated, quartz veined N O Bleached, iron-stained, gray sandstone w/ dissem. V\ 120-m- by 60-m-area cut by many subparallel AD-AE Bleached, porous, iron-stained, gray
sandstone with minor Sp & GL Sp. and Gl. Cut by several Q veins (<2 cm wide) veins of Q+Sp+/-Gl+/-Cp+/-Py. Width varies sandst. w/ dissem. Gl & tr Sp (up to

w/ tr Sp+Gl. between 2 mm & 50 cm. 1 barren sandst. bx w/ Q. 2%, average <0.1%).

Figure 5. Map showing vein-breccia (gray lines) and disseminated (gray dots) sulfide mineralized areas. Gray sandstone within the Kanayut Conglomerate (stippled pattern)
hosts most of the disseminated sulfides. Letters refer to individually described mineralized areas. Dips of mineralized vein-breccia zones are shown where measured. Map loca-
tion shown in figure 2. Azur., azurite; Cal, calcite; Cp, chalcopyrite; Gl, galena; Mal., malachite; Py, pyrite; Q, quartz; Sp, sphalerite; amt., amount; blk., black; bx, breccia; chalced.,
chalcedonic; dissem., disseminated; sandst., sandstone; tr, trace; yell., yellow.
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Figure 6. Vein-breccia zones and ore textures: A, View of vein-breccia zones looking east; B, Vein U viewed from area V (letters refer to
individually described mineralized areas; see fig. 5); C, View of vein-breccia zones looking southwest; D, Folded quartz-sulfide vein in the
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area H; G, Shale breccia clasts surrounded by milky quartz with open space between clasts filled with brown sphalerite and late quartz; H,
Complex quartz-sulfide breccia, area R. Early galena, sphalerite, and pyrite fragments and (or) crystals are rimmed by milky quartz. Parage-
netically late, intergrown chalcopyrite and quartz fill leftover open space; /, Sharp-edged vein-breccia zone, vein T, yellow field book is 12
cm by 19 c¢cm; J, Inversely size graded breccia, area S.
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in the field by its bleached, relatively light, gray color; iron
staining (pale yellow to light orange red); highly reflective euhe-
dral crystalline quartz faces inside pore spaces; and high poros-
ity. Disseminated pyrite is sparsely distributed throughout the
Kanayut Conglomerate and Noatak Sandstone, but its relation-
ship (if any) to mineralization is unclear.

Texture and Mineralogy of Individual
Vein-Breccia Zones

Individual vein-breccia zones vary in texture, width, and
mineralogy (fig. 6). Textural variations include faulted host-rock
blocks (as large as 20 m in vein U) cut by thin veins, host-rock
breccias cemented by sulfides and quartz (fig. 6G), symmetrical
veins, veinlets, and complex sulfide-in-sulfide breccias (fig. 6H).
Most breccia clasts are host-rock fragments, but clasts of vein-
type sphalerite in sandstone (as large as 25 cm in diameter)
occur in vein T (fig. 61). Host-rock breccias contain clasts that
were torn from adjacent wallrocks and subsequently rotated and
removed from their original locations. Vein S contains an
unusual breccia with inversely size graded, rotated clasts, which
is evidence for locally high fluid-flow rates (fig. 6J). A folded
vein in area W has a tension gash that is symmetrically zoned
with early brown sphalerite and late quartz. Sandstone along the
margin of the vein is sheared, and there are peripheral barren
quartz veins. The largest vein-breccia zones commonly have
peripheral barren quartz veins and quartz-cemented host-rock
breccias.

The relative proportions of the sulfides and their parage-
netic sequences vary widely from vein to vein and within single
vein-breccia zones. Locally, vein-breccia zones contain as much
as 50 percent sulfides. If the entire length of the vein-breccia
zones is considered (including barren quartz zones), the maxi-
mum sulfide content is less than 20 percent. Areas G, K, L, M,
N, and Q average less than 1 percent sulfides. Sphalerite is the
dominant sulfide mineral at Kady, followed in abundance by
galena. Chalcopyrite is generally minor, but in vein-breccia zone
B it is abundant (as much as 10.9 percent Cu) and constitutes as
much as 98 percent of the sulfide present over a 2-m by 20-m
area. The highest Zn and Pb grades occur in vein U, and the
highest concentrations of Cu occur in the B, H, and R veins.
Pyrite occurs in significant quantities only in the R and B veins.
Rare submicroscopic grains of pyrrhotite occur within sphalerite
in vein D, along with minor pyrite. Minor compositionally
zoned pyrite and bravoite occur in vein U. Sulfosalts occur in
trace amounts as microscopic blebs within galena.

Gangue minerals include abundant quartz, minor calcite,
trace siderite and ankerite, and very rare chlorite. Vein quartz is
usually crystalline and growth zoned but occasionally is den-
dritic, and there is an unusual area of chalcedonic banded quartz
in vein D. Calcite, if present, always forms the paragenetically
latest cement in the center of veins and breccias. Calcite is volu-
metrically most abundant in veins that cut carbonate-cemented
sandstone, which suggests wallrock interaction buffered vein-
fluid chemistry (pH). Calcite also occurs in sharp-edged veins
that cut a sphalerite-cemented sandstone breccia in area C. Rare
siderite and ankerite veins are paragenetically earlier than

quartz-sulfide veins and only contain sulfides in area H. Siderite,
ankerite, and calcite also occur in veins and breccias not spa-
tially associated with quartz veins or sulfide mineralization.
Gangue minerals developed in wallrocks due to reactions with
mineralizing fluids include siderite, ankerite, and recrystallized
white mica.

Supergene weathering of a chalcopyrite-quartz vein at H
has leached copper from chalcopyrite and precipitated malachite
and minor azurite on top of calcite and quartz. Secondary azurite
and malachite are also intergrown with zinc carbonate and
limonite in a sandstone breccia near H.

Sphalerite Descriptions and
Compositional Variations

Sphalerite is the most common sulfide mineral at Kady, and
it occurs throughout the paragenetic sequence of different vein-
breccia zones. Most sphalerite is a dull to vitreous, medium-
brown color in outcrop, with minor local resinous yellow
sphalerite. In doubly polished thin sections, sphalerite colors
range from clear through shades of yellow, orange, reddish
orange, and dark reddish orange, to an almost opaque black. The
black sphalerite is actually light to medium yellow under high
magnification, and the apparent black color is due to abundant
microscopic inclusions of chalcopyrite. Pale-yellow sphalerite
rarely contains small, grayish-brown, intensely growth zoned
areas. Yellow and orange are the predominant colors in most
sphalerite samples. Vein sphalerite is typically color-banded
parallel to growth zones. Sphalerite in breccia-textured ore is
intergrown with quartz and may be color-banded (either around
sandstone clasts or as broken fragments of growth-zoned
sphalerite veins) (fig. 7A), irregularly zoned (fig. 7B), sector
zoned (fig. 7C), patchy, and (or) uniform in color.

Sphalerite exhibits a range in composition (Zng; 5.997,
Feq.1-17.0- Cdg 1.0,9)S, but most sphalerite falls within the com-
positional range (ZI]92.0_98.0, Fel’s_g.o, Cd0.1_0.7)S (table 1)
Most sphalerite did not contain Mn above the lower detection
limit of 0.05 mole percent MnS at 26. Variation diagrams for
mole percent CdS vs. FeS and mole percent FeS vs. sphalerite
color (fig. 8) show the variety of sphalerite types and zoning.
The color varies from clear to light yellow (0-2 mole percent
FeS) through dark reddish orange (14-18 mole percent FeS) and
is directly proportional to the iron content of the sphalerite.

Kady sphalerites fall into three different compositional
groups (fig. 8). In group 1, sphalerite CdS values are highly vari-
able, FeS values are uniformly low, and CdS does not vary with
FeS. Sphalerite in vein H and late sphalerite in vein U occur in
group 1. In group 2, sphalerite CdS values increase with FeS,
and FeS values are less than 10 mole percent. The wide spread
of values for vein R (fig. 8) may be due to redistribution of iron
in sphalerite during extensive replacement by chalcopyrite. In
group 3, sphalerite CdS values vary with FeS values but with a
shallower slope than group-2 sphalerite. Sphalerites in group 3
also have higher FeS values. The three groups merge at low CdS
and FeS values (fig. 8). The variety of sphalerite compositions
may reflect varying chemical conditions in different parts of the
Kady vein-breccia system.
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Quartz and sulfide textures in thin section: A, Vein E (letters refer to individually described mineralized areas; see fig. 5); breccia

fragment of growth-zoned vein-type sphalerite with a rim of late, low-iron, yellow sphalerite surrounded by quartz; B, Vein E; sphalerite
with irregular color distribution surrounded by growth-zoned quartz crystals; C, Vein E; sphalerite crystal with both growth and sector zon-
ing; D, Vein D; paragenetically early, dark-red sphalerite with trace pyrite, overgrown successively by early dendritic quartz, light-yellow
sphalerite and minor galena, and paragenetically late coarse-grained quartz; E, Figure 70 in cross-polarized light showing early dendritic
quartz and late coarse-grained quartz; F, Vein B; intergrown quartz and chalcopyrite adjacent to sandstone breccia clast; G, Figure 7Fin
cross-polarized light showing feathery quartz adjacent to stylolitized contact with sandstone breccia clast.

In veins D and U, sphalerite changes from early, relatively
high iron sphalerite to late, low-iron sphalerite (figs. 7D, 8). This
paragenetic change also occurs in sphalerite in vein AA. The
paragenetically early, high-iron, dark reddish orange sphalerite
in vein D contains isolated, rare, submicroscopic grains of
pyrrhotite, and minor pyrite. Pyrite also occurs within quartz
adjacent to the high-iron sphalerite but is not present within the
paragenetically late, low-iron, clear to light-yellow sphalerite.
This paragenetic evidence indicates that the sulfidation and
oxidation state increased as sphalerite deposition progressed in
vein D. The early high-iron sphalerite is separated from the late
low-iron sphalerite by dendritic quartz (fig. 7F), suggesting
rapidly decreasing temperature conditions. Assuming sphalerite
(maximum 17.9 mole percent FeS), pyrite, and pyrrhotite last
equilibrated between 150°C and 250°C, a maximum pressure of
about 1.1 to 1.3 kilobars is calculated for sulfide deposition at
the Kady prospect (Toulmin and others, 1991).

Major- and Trace-Element Composition of
Mineralized Rocks

Kady is predominantly a Zn-Pb-Cu-Ag prospect, but vari-
able amounts of Ni, Co, Sb, As, Cd, Fe, Sn, and Au also charac-
terize mineralized rock samples (Meyer and Kurtak, 1992).
Kady is geochemically similar to the other vein-breccia occur-
rences in the northern Brooks Range (Meyer and Kurtak, 1992),
but Kady contains significantly more copper (as much as 10.9
percent) (fig. 9). Chalcopyrite is the only primary copper-bear-
ing mineral observed in thin section (figs. 7F and 7G). High Zn
and Cd values reflect the high sphalerite content of most veins,

and there is a direct correlation between the two elements. Co
(as much as 230 ppm) and Ni (as much as 251 ppm) values
reflect the presence of minor pyrite and bravoite. Minor Co and
Ni also occur with iron sulfide in the Red Dog deposit and other
vein-breccia occurrences in the northern Brooks Range (Meyer
and Kurtak, 1992; Kelley and others, 1997). Sb-Ag (+Pb) sulfo-
salts (identified with energy dispersive spectroscopy) are found
within galena, and there is a direct correlation between Ag and
Sb in most samples. The scatter may be due to stoichiometric
variations and (or) the substitution of Pb into the sulfosalt struc-
ture. Ba is not common in most veins (< 250 ppm) but sample
5604 (vein F) contains 875 ppm Ba (Meyer and Kurtak, 1992).
Barite was not observed at Kady.

Rocks from vein-breccia occurrences in the northern
Brooks Range show detectable levels of Te, Bi, Mo, and W in
ICP-AES analyses (Meyer and Kurtak, 1992), elements that are
not generally associated with sediment-hosted sulfide deposits
(Goodfellow and others, 1993). These element concentrations
correlated unusually well with Zn, Cu, and (or) Pb (e.g., Zn-W;
R?=0.999), particularly in samples in which Zn, Pb, and Cu
approached or exceeded their ICP-AES upper determination
limits (2 percent Zn, 2 percent Cu, 1 percent Pb). I interpret that
interference in spectral lines caused readings that indicated false
concentrations, and, therefore, the Te, Bi, Mo, and W values are
spurious. XRF analyses of several pulps from this data set verify
the lack of Bi and Mo, but interference problems were also
encountered in the XRF analyses between Pb and Bi and Mo in
a sample containing about 60 percent Pb (Werdon, 1998).

Relatively high levels of Sn, As, and Au were also reported
in ICP analyses (Meyer and Kurtak, 1992), and in emission
spectrographic data (Duttweiler, 1987), and Sn was reported in
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Table 1. Quantitative electron microprobe analyses of sphalerite.

Vein Sample description Sphalerite color(s)
{in 30-pm-thick thin sections)

Composition {mole percent)
{range / mean / median/ 1 a)

S Brecciated, quartz-veined sandstone; angular, 1- Irregular color zonation,
to 2-mm sphalerite fragments floating in a colorless to pale yellow.
randomly oriented mosaic of clear, non-
growth zoned quartz crystals in a 0.5- to 1.0-
cm-wide vein; minor chalcopyrite disease in

sphalerite.

B Brecciated, quartz-veined sandstone; angular, 0.1-  Poorly growth zoned, light to
to 1.5-mm sphalerite fragments floating in a 2- medium golden brown to
cm-wide, clear to milky quartz vein; minor yetlow.

chalcopyrite disease in sphalerite; trace
chlorite(?) in center of vein.

R Complex sulfide breccia with sphalerite (black in ~ Unusually colored sphalerite;
hand specimen), galena, chalcopyrite, pyrite, appears black, gray, or
and quartz; abundant chalcopyrite disease and brown due to abundant
veins in sphalerite; clasts include sphalerite, chalcopyrite inclusions, but
galena-quartz mixtures, and pyrite-quartz it is mostly light to medium
mixtures; clasts are rimmed by quartz, with yellow under high
leftover open space filled by intergrown magnification.
chalcopyrite and quartz.

H 5-cm-wide sphalerite (uniformly light brown in Clear, very light orange, and
hand specimen) and quartz vein; sphalerite pale yellow w/ irregular
(early) cut and fragmented by irregular, color zonation.

symmetrically growth zoned milky quartz
veins up to 0.5 cm wide; minor chalcopyrite

disease

U Quartz-dominant, sulfide-bearing, 5~cm-wide Growth zoned from early,
vein cutting sandstone; paragenetically early light- and medium-orange
quartz followed by co-precipitated quartz, sphalerite, to very light
chalcopyrite, galena, and compositionally yellow, to late clear
zoned pyrite-bravoite, followed by quartz, sphalerite.

then dark sphalerite rimmed with light
sphalerite, then an unknown gray carbonate
and finally, late calcite; sphalerite is cut by a
vein of iron sulfide but it is not diseased by

chalcopyrite.

D Complex quartz-sphalerite-sandstone breccia; Early sphalerite is medium to
breccia contains clasts of sandstone, sphalerite, dark reddish orange w/ a
and sphalerite clasts with quartz rims; quartz- couple of minor growth
rimmed sandstone clasts (up to 4 cm) bands of medium yellow
entrained with sphalerite clasts (up to 3 cm) in orange sphalerite.
10-m-wide vein-breccia zone; early reddish-
orange sphalerite clasts (containing and Late sphalerite is clear to
partially rimmed by pyrite cubes) surrounded medium yellow.

by granular to dendritic to growth-zoned
quartz (with trace pyrite in quartz near early
sphalerite); discontinuously overgrown by
clear to yellow sphalerite crystals (no pyrite),
surrounded by minor chalcedonic quartz and
late, open-space-filling, coarse-grained,
growth-zoned quartz.
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ZnS 93.6-97.7/962/964/1.1
FeS 2.0-58/3.5/3.2/1.1

CdS 02-07/04/04/0.1

MnS not above lower detection limit.
n=24

ZnS 92.8-94.6/93.8/93.7/0.6
FeS 52-68/6.0/6.1/0.6

CdS 0.2-03/03/03/0.1

MnS not above lower detection limit.
n=10

ZnS 89.3-96.0/94.0/94.4/1.6
FeS 35-99/55/5.1/1.5

CdS 0.4-09/06/0.5/0.1

MnS not above lower detection limit.
n=36

ZnS 96.5-98.1/97.1/97.1/0.3
FeS 16-26/23/24/0.2

CdS 03-09/0.5/0.5/0.1

MnS not above lower detection limit.
n=25

Early, orange sphalerite.

ZnS 93.0-96.5/95.4/95.7/1.0
FeS 3.3-67/44/4.1/1.0

CdS 0.1-04/02/02/0.1

MnS not above lower detection limit.
n=20

Late, clear sphalerite.

ZnS 98.8-99.7/99.5/99.5/0.3
FeS 0.1-1.1/03/0.2/0.3

CdS 0.1-03/0.2/0.2/0.0

MnS not above lower detection limit.
n=10

Early, reddish-orange sphalerite.

ZnS 81.5-93.5/84.4/84.1/2.3
FeS 6.1-17.9/15.1/154/2.3

CdS 03-0.6/0.4/0.4/0.1

MnS not above lower detection limit.
n=47

Late, clear to yellow sphalerite.

ZnS 94.4-97.7/96.5/96.6/0.8
FeS 2.2-54/33/32/0.8

CdS 0.1-0.4/0.2/0.2/0.1

MnS not above lower detection limit,
n=38



Table 1. Quantitative electron microprobe analyses of sphalerite—Continued.

Vein Sample description Sphalerite color(s) Composition (mole percent)
{in 30-um-thick thin sections) (range / mean / median/ 1 o)
Ebreccia  Angular, 0.1- to 1.5-mm fragments of sphalerite Medium orange red to light ZnS 854-919/875/872/19

FeS 7.8-143/122/125/1.9
CdS 02-04/03/03/0.1
MnS upto 0.1

n=15

and sandstone floating, with pyrite crystals, in
a 3- to 4-cm-wide quartz vein; minor to
abundant chalcopyrite and iron sulfide disease
with small patches of chalcopyrite replacing
sphalerite.

Sphalerite-dominant vein with growth-zoned,
vein-type sphalerite fragments enclosed in a
matrix of finely crushed sphalerite intergrown
with quartz; minor chalcopyrite and iron

orange, irregularly zoned.

ZnS 90.0-97.5/93.1/93.0/1.6
FeS 22-92/6.4/65/15

CdS 0.3-0.8/0.5/0.5/0.1
MnS up to 0.1

Mostly medium yellow to light
orange; growth zoned; one
sphalerite vein fragment is
medium orange.

Evein

sulfide disease; some pyrite appears to replace
sphalerite; pyrite is euhedral in quartz adjacent
to sphalerite.

n=30

XRF analyses (Werdon, 1998). Sn values occur within veins
with high Zn concentrations, and there is a weak correlation
between the elements. No Sn- or As-bearing minerals were
observed in polished thin sections.

Isotopic Work
Sulfur Isotopes

Sulfur isotopic values (table 2) obtained for sulfides from
vein-breccia zones W and R were used to estimate the
temperature of sulfide deposition using the sulfur isotopic
thermometer equations of Ohmoto and Rye (1979). Sulfur iso-
tope geothermometry, based on the fractionation of sulfur iso-
topes between different sulfur-bearing compounds, assumes that
equilibrium was obtained and preserved between two co-precip-
itated minerals. Sphalerite and galena in vein W are texturally
intergrown and are interpreted to be co-precipitated. If isotopic
equilibrium is assumed, the sulfide pair indicates a temperature
of 209°+£25°C during sulfide deposition. In vein-breccia zone R,
sulfides occur in a complex breccia texture. Paragenetically

Table 2. Sulfur isotopic analyses of sulfide minerals.

early pyrite and sphalerite are overgrown by growth-zoned
quartz. Paragenetically late galena, chalcopyrite, and quartz fill
interstitial space left over between the pyrite-sphalerite-quartz
clasts. If equilibrium at each stage is assumed, the early pyrite-
sphalerite pair indicates a temperature of 251°+50°C, and the
late galena-chalcopyrite pair indicates a temperature of
162°£35°C.

Oxygen Isotopes

Quartz was selected for oxygen isotopic analyses from both
vein- and breccia-textured samples at Kady (table 3). Reliable
oxygen-isotope compositions of ore-forming fluids are difficuit
to obtain from direct fluid-inclusion-extraction procedures
because ore-forming fluids trapped in primary fluid inclusions
can be contaminated by secondary fluid inclusions trapped dur-
ing deformation. The oxygen-isotope composition of hydrother-
mal solutions can, however, be determined from quartz-water
fractionation factors using fluid-inclusion homogenization tem-
peratures and measured 8'%0 values of hydrothermal quartz.
Fluid-inclusion analyses from primary, two-phase (water-vapor)
fluid inclusions indicate vein quartz at Kady was deposited from

[Vein locations are shown on fig. 5. Sulfur isotopic analyses for sphalerite, galena, chalcopyrite, and ore-stage pyrite are reported as per mil variations with
respect to the Canyon Diablo iron meteorite. Samples were analyzed by Geochron Laboratories, Inc., Cambridge, Mass., and have analytical uncertainties of

+0.2%o0 at 2¢]

Vein Mineral 343 (%) Sample description
R sphalerite 11.4 4-m-wide complex vein-breccia zone with quartz (70%), sphalerite (16%), chalcopyrite
(8%), galena (1%), pyrite (3%) and calcite (2%).
R chalcopyrite 10.9
R galena 7.8
R ore-stage pyrite 12.5
W sphalerite 12.7 0.37-m-wide vein of co-precipitated quartz (30%) and light- to medium-brown sphalerite
(70%) with trace galena.
W galena 9.6

Geologic Setting of Mississippian Vein-Breccias at the Kady Zn-Pb-Cu-Ag Prospect
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< 6 equivalent weight percent NaCl fluids at homogenization
temperatures between 100°C and 145°C (not pressure cor-
rected), and there is no evidence to suggest boiling (Werdon,
1998).

The 8'®0 data from quartz (sample U-2), and primary fluid-
inclusion homogenization temperatures in vein U are used to
calculate the oxygen-isotope composition of the hydrothermal
fluid at Kady using the quartz-water fractionation factor
equation of Matsuhisa and others (1979):

3.34x100
8180, - 8'%0; = ( ac )_3.31

where,

0"*0yy, is the 6'°0 data from quartz,

8'80¢ is the 680 composition of the hydrothermal fluid, and

T is the primary fluid-inclusion homogenization temperature

in degrees Kelvin.
The fluid-inclusion measurements for vein U were taken on
a different sample than the 8'%0 measurements, but the quartz in
both cases is spatially associated with chalcopyrite and galena.
830 values of the hydrothermal quartz range from 13.6%¢ to
13.8%e (table 3), and primary fluid-inclusion homogenization
temperatures range from 118°C to 143°C (Werdon, 1998). This
corresponds to a range of calculated &'®0y values between
~4.9%0 and —2.2%o for the hydrothermal fluid at Kady.
Although no isotopic values for hydrogen (6D) are avail-

able for the hydrothermal fluid at Kady, the calculated range of
6'80; values provides insight into the character and origin of the
hydrothermal fluid. The source of the hydrothermal fluid at Kady
can be modeled in two ways (fig. 10). The §'®0; values may sug-
gest that the fluid was originally derived from a seawater and
(or) a meteoric water source. The relative contribution of mete-
oric water and seawater cannot be determined, given the uncer-
tainties in the ancient seawater field boundary (Sheppard, 1986).
The other way to model the fluid is mixing between meteoric
water and either a deep basinal brine or a metamorphic fluid.

Host-Rock Diagenesis and Alteration

Clastic Components, Early Cements, and Diagenesis

Clastic rocks of three Endicott-Group formations (Hunt
Fork Shale, Noatak Sandstone, and Kanayut Conglomerate)
distal to the vein-breccia zones (as far as 2 km away) were exam-

ined to determine which mineral assemblages characterized sed- -

imentation, early cementation, and diagenesis. These features
have a widespread distribution and show no spatial relationship
to the vein-breccia zones.

Sandstones distal to the vein-breccia zones at Kady are
predominantly (80-95 percent) composed of monocrystalline
quartz (MCQ) and black chert fragments. The ratio of MCQ to
chert varies from 50:50 to 95:5. Cherty argillite lithic fragments
(1-10 percent) and white mica (1-10 percent) are common
minor components. Plagioclase (1-4 percent), clay and (or)
illite patches (0-13 percent), chlorite (0-2 percent), and
accessory minerals (apatite, tourmaline, zircon, and rutile
(anatase?)—Iless than or equal to 1 percent) are also present.

18 Geologic Studies in Alaska by the U.S. Geological Survey, 1997
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Figure 9. Histogram of copper analyses from mineralized
hand samples from vein-breccia occurrences in the northern
Brooks Range. Samples from Kady and the Outwash Creek
area are more copper rich. Copper values are in log ppm
units. ICP analyses are from Meyer and Kurtak {1992).



Table 3. Oxygen isotopic analyses of hydrothermal quartz.

[Oxygen isotopic compositions obtained from hydrothermal quartz are reported as per mil (%o) variations of 180/160 with respect to standard mean ocean water
(SMOW). Samples analyzed by Dr. K.L. Shelton, University of Missouri-Columbia. Analytical precision is generally better than +£0.1%e at 1]

Vein 5'80 (%) Sample description
AB 15.0 Breccia composed of light-gray, silicified siltstone fragments (10%) cemented by intergrown quartz (45%),
medium reddish brown sphalerite (45%), and trace chalcopyrite.
S 13.1 Vein quartz from 8-cm-wide breccia-vein with sandstone clasts (<3%), quartz (45%), brown sphalerite (50%), and
trace chalcopyrite (<1%) and pyrite (<1%).
S 15.2 Breccia quartz; same as above.
R 10.9 Quartz vein with granular, fine-grained pyrite and minor chalcopyrite (~5%).
A 10.8 1-m-wide vein of medium- to dark-brown sphalerite (94%) with lesser quartz (5%) and chalcopyrite (1%).
A 142 Light-gray, silicified siltstone fragments (20%) floating in mixed quartz (60%), chalcopyrite (15%), and medium-
brown sphalerite (5%).
U-1 15.4 Vein of quartz (75%), medjum- to dark-brown sphalerite (24%) and chalcopyrite (1%); quartz cross-cuts
sphalerite subparallel to color banding.
U-2 13.6 Early quartz from a 6.5-cm-wide symmetrical vein with early quartz (3%) + trace chalcopyrite (<1%), growth-
zoned late quartz (66%), and paragenetically late galena (30%).
u-2 13.8 Late quartz; same as above.
+40 N — PN B E—. T processes. K-feldspar often contains structurally bound Pb*?
Setwa—tefy E"ds'ergfn:’ebni;f'yeep (which substitutes for K*!), and mafic minerals can contain ele-
20 Ancient brines(?) | vated levels of Cu*? and Zn*2. Therefore, sedimentary rocks of
ok Mojeeffater | the Endicott Group may have provided a potential primary sedi-
Hypothetical mixing ’ mentary source for base metals; however, mafic minerals are vol-
20k line between umetrically minor, and K-feldspar may have been absent.
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Figure 10. Calculated 88044 values for Kady. 8D refers to the

isatopic composition of hydrogen in water. Field boundaries from
Ohmoto (1986), Sheppard {1986).

Euhedral to irregularly shaped plagioclase grains are com-
pletely albitized. Clastic grain-shaped clay and (or) very fine
grained illite patches are possibly pseudomorphs after K-feld-
spar, although no detrital K-feldspar was identified in any strati-
graphic unit at Kady. Scattered patches of chlorite are probably
pseudomorphs after biotite, as one chlorite grain had a zircon
inclusion with a metamict halo and rare partially chlorite altered
biotite is present in a few sandstones. Some chlorite patches
may be hornblende pseudomorphs as well because high-temper-
ature fractions in “°Ar/*Ar sandstone spectra have high Ca/K
and CV/K ratios (Werdon and others, 1998). Large rutile
(anatase?) grains are probably detrital, but widely distributed
small grains are probably products of biotite destruction.

If the diagenetic fluids were K-feldspar- and mafic-mineral-
destructive, they may have derived metals from structurally
bound sites in K-feldspar and mafic minerals by diagenetic

Organic plant material and fine-grained detrital carbon-
aceous fragments occur locally in the upper Noatak Sandstone,
and more commonly in the Kanayut Conglomerate. Shales in
the Kady area contain clay, quartz, chert, detrital white mica,
limonite, and various carbonate minerals. Sandstone and shale
in the Hunt Fork Shale and lower portion of the Noatak Sand-
stone are mineralogically similar to, but slightly less composi-
tionally and texturally mature than, sandstone in the upper
Noatak Sandstone and the Kanayut Conglomerate and exhibit
similar diagenetic mineral-alteration assemblages.

Primary and early diagenetic cements identified petro-
graphically and by energy dispersive spectroscopy (EDS) in the
Endicott Group clastic rocks include: quartz, calcite, ankerite,
siderite, an unidentified phosphate mineral, iron-manganese
oxide/hydroxide, hematite, and organic material. The cement
paragenesis of 117 individual samples is presented in the
Appendix, and the overall cement paragenesis is summarized in
figure 11. Quartz and ankerite are the most abundant early
diagenetic cements.

Early diagenetic processes are very important in sandstone
because the porosity can be significantly changed by early
cementation or dissolution (development of secondary porosity)
and because these processes influence later diagenetic and (or)
hydrothermal processes. The distribution of carbonate in the
Noatak Sandstone ranges from sandy limestone, to well-
cemented calcareous sandstone, to concretionary and weakly
carbonate cemented sandstone. The upper Noatak Sandstone
contains small (2-6 mm), sparsely distributed, poikilitic ankerite
crystals and minor early diagenetic quartz (EDQ) cement (fig.
12A). Early diagenetic ankerite often replaces chert grains inside
poikilitic crystals. Gray sandstone in the Kanayut Conglomerate
is weakly cemented by EDQ, as well as by disseminated carbon-
ate (as much as 5 percent) in non-mineralized areas.

Geologic Setting of Mississippian Vein-Breccias at the Kady Zn-Ph-Cu-Ag Prospect 19
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Figure 11.

Hydrothermal Cements, Veins, and Vein-Related
Alteration

Clastic rocks of the Endicott Group were examined to
determine which mineral assemblages are related to the
hydrothermal event. Interpreted alteration minerals are those that
are spatially restricted to areas immediately adjacent to the vein-
breccia zones (as much as 1 m away). Hydrothermal cements are
present at varying distances from the vein-breccia zones,
depending on the primary permeability of sandstone units.

Most sandstones in the Kanayut Conglomerate are partially
to completely cemented by a combination of early diagenetic
and hydrothermal quartz, which cannot be distinguished in
transmitted light (fig. 12B). Cathodoluminescence is particularly
useful for distinguishing early diagenetic quartz cement from
later hydrothermal quartz cement. Unlike early diagenetic
quartz, which is non-luminescent, hydrothermal quartz at Kady
is typically light to medium neon blue (fig. 12C). The blue
hydrothermal quartz is paragenetically later than early
diagenetic quartz cement in the Kanayut Conglomerate and
carbonate cement in the Noatak Sandstone.

20

Summary of host-rock diagenesis and alteration, and ore paragenesis.

The high permeability and porosity in both the upper, less
well cemented part of the Noatak Sandstone and the sandstone
of the Kanayut Conglomerate provided a site through which
hydrothermal fluids could flow. Hydrothermal quartz, followed
by disseminated galena and sphalerite, are paragenetically late
cements in some gray sandstone units (fig. 5). Secondary goet-
hite/limonite (zanomalous Zn) often occurs within pore spaces
in the Kanayut Conglomerate, and zinc-carbonate cement
occurs within the Noatak Sandstone in a small area near vein C.

In contrast to the relatively uniform color of hydrothermal
cement, the cathodoluminescent color of hydrothermal quartz in
veins is highly variable, including all shades of neon blue, gray,
white, and pale brown (figs. 12C-12E). In larger, growth-zoned
quartz veins, the cathodoluminescent colors alternate, particu-
larly where there are alternating fluid-inclusion-rich and inclu-
sion-poor bands. The cathodoluminescent colors in larger veins
are relatively pale compared to very thin veins.

Extremely rare, paragenetically early siderite and ankerite
veins hosted by the Noatak Sandstone are cut by later hydrother-
mal quartz veins (fig. 12C). Calcite occurs in veins that cut the
Noatak Sandstone, and it occurs as the last mineral deposited in

Geologic Studies in Alaska by the U.S. Geological Survey, 1997
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Figure12. Petrographic and cathodoluminescent photos of host rocks and vein textures: A, Poikilitic ankerite cementin the Noatak
Sandstone; chert clast partially replaced by ankerite; B, Texturally and compositionally mature, quartz-cemented sandstone in the
Kanayut Conglomerate composed of monocrystalline quartz and chert grains; C, Sandstone cemented by sparse early-diagenetic
quartz (non-luminescent) and late hydrothermal quartz (bright blue cathodoluminescent color). Late hydrothermal quartz veins cut
an early siderite vein; D, Sandstone cut by a set of subparallel hydrothermal quartz veins; E, Faint cathodoluminescent color banding
in growth-zoned hydrothermal quartz vein; F, Altered sandstone adjacent to vein H with structurally deformed clastic grains, sty-

lolitization, and white mica (recrystallized and newly crystallized).

symmetrical veins and breccia-textured ore. The paragenetically
late calcite in ore-related veins may have been locally derived
from nearby carbonate-cemented units. There is an overall trend
from relatively high iron carbonates (siderite and ankerite) in the
early pre-sulfide stages to pure calcite in the post-sulfide stages
of the hydrothermal system.

For alteration reactions to occur, the hydrothermal fluid
must be at least slightly out of equilibrium with the wallrock
sediments and the fluid must flow in volumetrically significant
amounts. The clastic rocks at Kady are relatively siliceous and
therefore alteration is not obvious in the field. Numerous subtle
mineralogical, textural, and structural changes are observed in
clastic rocks adjacent to the vein-breccia zones (fig. 11), and all
of the features decrease in intensity with distance from the vein-
breccia zones. The distance depends on the width of the vein-
breccia zone and host-rock permeability but is generally limited
to within | m of the vein-breccia zones.

The clastic rocks immediately adjacent to the vein-breccia
zones are structurally deformed. In thin section, monocrystalline
quartz grains and their quartz overgrowths exhibit undulatory
extinction, and chert grains have been partially to completely
flattened (fig. 12F). Thin barren quartz veins are commonly
present immediately adjacent and subparallel to the vein-breccia
zones (fig. 13).

Breccia clasts within the vein-breccia zones, adjacent clas-
tic wallrocks, and disseminated Pb and (or) Zn-sulfide-bearing
gray sandstones are typically bleached relative to the fresh
rocks. The color change from light gray to grayish white is pri-
marily due to dissolution of chert grains and (or) recrystalliza-
tion of black detrital chert grains to exclude carbon(?). In areas

of intense silica dissolution, a pseudo-foliation is observed in
hand sample. In thin section, these areas have numerous stylo-
lites cutting chert and monocrystalline quartz grains, as well as
stylolitized grain boundaries (fig. 12F). Carbonaceous material
is not present in bleached, mineralized, gray sandstone; it was
either not present (unlikely) or it was removed by the hydrother-
mal fluid. Alteration is less extensive (generally occurs less than
2 cm from vein margins) in the less permeable carbonate-
cemented sandstone and shale units. The carbonate-cemented
sandstone and shale units are generally medium brown to
maroon and are altered to lighter shades of these colors, or less
commonly to light or medium forest green. The color change in
these units is caused by the removal of iron carbonates, iron
oxides, and (or) hydroxides.

To document chemical changes in carbonate minerals adja-
cent to mineralized vein-breccia zones, carbonate cements were
semiquantitatively analyzed using EDS and cathodolumines-
cence. Carbonate cement in the Noatak Sandstone shows zoning
(on a small scale) away from vein-breccia mineralization (figs.
13A-13E) in area H. In area H, 2- to 6-mm-wide green, carbon-
ate-removal alteration halos surround the sulfide-bearing quartz
veins. The small carbonate-removal halo suggests that the ore
fluids were weakly acidic. This is followed sequentially outward
by ankerite, ankerite with elevated Mn, calcite with trace Fe
(iron oxide?), and finally a return to background ankerite about
0.5 m from the vein. The carbonate with the slightly elevated
Mn content (fig. 13D) exhibits a much brighter orange color
(Mn is a cathodoluminescent activator element and Fe is a sup-
pressor). Carbonate flooding of wallrocks is only present adja-
cent to veins that cut the carbonate-cemented Noatak Sandstone.
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In these areas, ankerite replaces chert and, rarely, monocrystal-
line quartz grains. Compared to the Noatak Sandstone, carbonate
cement within gray sandstone of the Kanayut Conglomerate is
removed at greater distances (as much as 10?7 m) from vein-brec-
cia zones, presumably due to the higher primary permeability.

An important mineralogical change accompanying vein-
breccia formation is the recrystallization of white mica. Detrital
white mica grains are partially to completely pseudomorphed by
fine-grained, recrystallized, white mica (fig. 12F), and patches of
illite often become coarser grained adjacent to vein margins. Pla-
gioclase is not present in the 2- to 6-mm-wide alteration halos
surrounding veins in area H, suggesting that it was either dis-
solved, or altered to white mica as well. Calculated vacuum-
derived **Ar/*°Ar closure temperatures for hydrothermal sericite
are between 220°C and 240°C (McMaster, 1987), which implies
an estimated minimum temperature of about 220°C for the
hydrothermal fluids in the veins. Recrystallized white mica in
sandstone within the sheeted vein-set in area H (fig. 6E) was
dated by the **Ar/*’Ar laser step-heating method (Werdon and
others, 1998). It yielded Mississippian plateau ages of 32442 Ma
and 32512 Ma, and an isochron age of 32443 Ma. The presence
of non-recrystallized detrital white mica distal to the vein-
breccia zones argues against the “°Ar/*’Ar ages reflecting a
regional heating event.

Mineralization Model and Conclusions

Because the formation of sediment-hosted base-metal
deposits is often intimately linked to the development of the
basin in which they formed, the timing of deposit formation
with respect to basin evolution must be considered. The Kady
vein-breccia prospect is interpreted as part of a region-wide Zn-
Pb-Ag hydrothermal mineralizing event estimated to be
between 337 and about 314 Ma (Werdon and others, 1998). A
Carboniferous age for the Kady prospect is supported by the
Carboniferous “’Ar/*’Ar ages of recrystallized white mica in
wallrocks adjacent to the vein-breccia zones and by structural
field evidence for a pre-Mesozoic age (offset by Mesozoic
faults, minor folding). A period of regional extension, and volu-
metrically minor alkaline volcanic activity, occurred between
343 and 336 Ma (Werdon and others, 1998). This presumably
set up an elevated geothermal gradient that heated basinal fluids.

Potential metal sources at Kady include the Endicott
Group clastics and (or) underlying basement rocks. Because
basement rocks are structurally removed, it is not possible to
evaluate this potential source. Sedimentary sources for base
metals could include metals adsorbed on clays and Fe-Mn
oxide cements, or metals diagenetically released from
structurally bound mineral sites (e.g., biotite (Zn*?, Cu*?) and
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K-feldspar (Pb*2)). All of these potential sources might have
been available within the Endicott Group, but the exact
source(s) is difficult to determine because metal contents of
Endicott-Group units distal to and within mineralized areas
have not been determined. The replacement of biotite by chlo-
rite shows that mafic minerals were out of equilibrium with
pore fluids in the Endicott Group, indicating that it has a favor-
able diagenetic history for being a metal source.

The mineralized zones contain brecciated and veined sand-
stone produced by minor tectonic movement and (or) hydrofrac-
turing. The vertical offset of bedding is difficult to assess due to
Mesozoic reactivation. Mississippian offset appears to have
been greatest along the U vein (perhaps 50 m?). The presence of
strata-bound zones of very low grade disseminated sulfide min-
eralization adjacent to the vein-breccia zones suggests that sil-
ica- and base-metal-bearing fluids flowed through poorly
cemented sandstone beds. Hydrothermal cementation of the sed-
iments in the Endicott Group, along with a high fluid pressure
(as evidenced by large, rotated, displaced, and (or) size-graded
breccia clasts), helped support and preserve the fault structures.
The subparallel mineralized zones at Kady are modeled as
steeply dipping listric(?) faults along which up-flowing basinal
fluids traveled and sulfides were deposited (fig. 14).

Carboniferous units stratigraphically above the Kanayut
Conglomerate have been structurally and (or) erosionally
removed in the Kady area (except for small pieces of the Kayak
Shale); therefore, it is not known what Mississippian facies were

present above the vein-breccia zones, or if it was an area of
emergence and non-deposition. The offset on Mesozoic thrust
faults in the Kady area is relatively minor (less than a few hun-
dred meters). Although no detailed structural maps are available
between Kady and the mountain front, if the structural style in
this area is similar to that in the Kady area, and if thrust-fault
offsets are also relatively minor, the Pennsylvanian to Mississip-
pian facies along the mountain front (fig. 1) could potentially be
similar to the facies formerly overlying the Endicott Group in
the Kady area. If the Kady deposit was overlain by basinal
shales of the Kuna Formation, the low thermal conductivity and
low permeability of these shaley capping sediments could
reduce both conductive and convective heat loss from the basin
(Goodfellow and others, 1993), thereby maintaining elevated
temperatures within the Endicott Group reservoir until faulting
occurred. This proposed basin model would be physically simi-
lar to the Sedex model of Lydon (1983).

During faulting, the pressure (P) is interpreted to have
changed from predominantly lithostatic to hydrostatic (fig. 14).
Stratigraphic thickness estimates for units above the vein-brec-
cia zones suggest that about 375 m of sediment may have been
present over the top of the vein-breccia system. The depth of
seawater covering the sediments is unknown. If the maximum
temperature for the hydrothermal fluids was around 210°C to
250°C, boiling would occur between 190 m and 410 m below
sea level. In other words, if the water depth was less than 190 m
to 410 m, boiling would occur below the sea floor. Although the
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possibility of boiling in the upper levels of the vein-breccia sys-
tem is within stratigraphic-thickness, salinity, and sulfur-isoto-
pic-temperature constraints, there is no evidence to suggest
boiling in fluid inclusions from hydrothermal-vein quartz at
Kady (Werdon, 1998).

Textural, mineralogical, and fluid-inclusion data indicate
that sulfides and quartz were deposited from slightly acidic, low-
salinity hydrothermal fluids under evolving chemical conditions
(i.e., T, P, pH, fugacity of oxygen, fugacity of sulfur). A drop in
temperature is suggested by the presence of dendritic quartz
within some of the vein-breccia zones, the sulfur-pair tempera-
ture estimates in vein R, and relatively low fluid-inclusion
homogenization temperatures in late, vein-textured quartz. Most
vein-breccia zones formed within the stability field for pyrite,
but areas D and E evolved starting at the pyrite-pyrrhotite
boundary. The decrease in sphalerite mole percent FeS values in
many of the veins suggests that both the sulfidation and oxida-
tion state of the fluid increased with time. The relatively high
levels of Cu at Kady suggest that the fluids were relatively oxi-
dized because copper is essentially immobile under reducing
conditions at low temperatures. The removal of carbonaceous
material within the mineralized area is consistent with a rela-
tively oxidizing hydrothermal fluid. The pH increased in the late
stages of the hydrothermal event due to buffering by wallrock
carbonate cement.

The evidence and models discussed above suggest several
reasons why a sedimentary exhalative deposit likely did not form
above the Kady vein-breccia prospect. Although sulfur isotopic
pairs and white mica “°Ar/*°Ar closure temperatures indicate sul-
fides at Kady formed at a temperature of at least 220°C (and pos-
sibly as high as 250°C), these relatively low temperatures cannot
alone explain the lack of a Sedex deposit. Unlike the Red Dog
and Drenchwater deposits, which are spatially associated with a
few minor volcanic sills or dikes within and near mineralized
areas, there are no volcanic sills or dikes within the Endicott
Group in the Kady area. This could suggest that the Kady pros-
pect had a shorter lived system of heat input to sustain hydro-
thermal fluid flow, but no data on how long the mineralizing
systems were active is available.

The presence of sulfides within the Endicott Group sug-
gests that metal-bearing solutions encountered changing physi-
cal and (or) chemical conditions that caused metals to drop out
of solution before reaching the sea floor. Although there is no
evidence for boiling within the vein-breccia system, the hydro-
static pressure may not have been great enough to keep the
hydrothermal fluids from boiling in the subsurface above the
level of the vein-breccia zones. If the water depth was great
enough to prevent subsurface boiling, the low salinity values
indicate that the ore fluid would be highly buoyant in seawater
upon reaching the sea floor, and metals would be dispersed. The
above information suggests that evaluation of Carboniferous
facies, and water-depth estimates derived from them, are
important to evaluating areas for their Sedex potential.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodeoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area.

[Units include the Kayak Shale (Mk), Kanayut Conglomerate (MDk), Noatak Sandstone (Dn), lower Noatak Sandstone (Dnl), and Hunt Fork Shale (Dhf), as well as mineralization (Min). Colors in cement
and vein and mineralization columns are cathodoluminescent colors. BQ, quartz with blue cathodoluminescent color; EDQ, early diagenetic quartz (non-cathodoluminescent colors); MCQ, monocrystalline

quartz]
Sample Unit Field description and petrographic abservations Cements (listed in paragenetic order)  Veins (minerals listed in paragenetic order)
number
1 Dn  Sandstone breccia: angular sandstone clasts (<3 cm) floating in calcite. Light EDQ, calcite. Calcite.
tan-gray, fine grained, disseminated pyrite (<1%), porous-leached.
2 Dn  Sandstone: gray-brown weathering, fine-medium grained, <1% disseminated EDQ, ankerite (partially replacing  BQ.
pyrite, porous-leached, grains of MCQ (48%), chert (49%), white mica,  chert grains, * altered to goethite),
lithics, chlorite (after biotite?) and fine-grained white mica/clay patches  trace BQ.
(3%).
3 Min-  Sandstone: gray-brown weathering, fine-grained, porous-leached sandstone, EDQ, ankerite, minor siderite, BQ; Sandstone cut by BQ veins (+ sphalerite
Dn quartz vein is surrounded by carbonate flooding, grains of quartz, chert, ankerite extensively replaced + galena + pyrite + trace
and <3% white mica, fine-grained white mica patches, Al- and Si-clay chert grains. chalcopyrite? + late calcite) that are
grains, and lithics. folded by foliation. One micritic
carbonate vein with late chlorite.
4 MDk  Sandstone: light gray-brown weathering, fine-grained sandstone with planar EDQ, ankerite(?), siderite, BQ.
beds, minor shale partings, Al- and Si-clay patches (after feldspar?).
5 MDk  Siltstone and shale: maroon, tan, and minor black, very fine grained, highly = Goethite after siderite, small calcite
foliated. patch.
6 MDk  Shale: maroon.
7 MDk  Sandstone: fine grained, abundant carbonate cement. EDAQ, siderite (replacing sandstone
grains), BQ (replacing siderite).
8 MDk  Sandstone: fine-coarse grained; trace rutile(?) grains. EDQ, siderite, minor ankerite, BQ, BQ spatially associated with siderite.
rutile(?) (floating in BQ).
9 MDk  Conglomerate: quartz and chert grains up to 2.5 cm.
10 MDk  Siltstone: reddish brown, very fine grained, contains tracks and burrows. EDQ, siderite, BQ. BQ spatially associated with siderite.
11 MDk  Sandstone: light gray to white weathering, fine to coarse grained, minor EDQ, minor ankerite, BQ. Minor quartz + carbonate + chlorite
conglomerate pebbles. fractures and late ankerite veinlets.
12 MDk  Sandstone: light green, fine grained, thin lens, minor disseminated pyrite. EDQ, ankerite, BQ. Late ankerite micro-veinlets.
13 MDk  Sandstone: light red weathering, light gray colored, fine grained, brecciated, EDQ, trace ankerite or siderite, BQ. Mineralizing fluids flowed through
porous-leached sandstone with minor K-, Al-, and Si-clay(?) patches. sandstone; fractures of quartz +
epidote(???) + sulfides.
14 MDk  Sandstone: light red weathering, light gray colored, fine grained, porous- EDQ, trace BQ(?) Mineralizing fluids flowed through
leached. sandstone.
15 MDk  Sandstone: light red weathering, light gray colored, fine grained. EDQ. Thin veins of BQ + sphalerite + galena.
16 Dn Sandstone: brown weathering, fine grained, minor Al- and Si-clay grains, EDQ, bright orange unknown
porous-leached. carbonate, BQ, minor green
unknown cement.
17 MDk  Sandstone: red-brown weathering, fine-medium grained, thin bedded, Abundant EDQ, ankerite, minor Early ankerite veins cut by late BQ

porous-leached with grains of MCQ (55%), chert (30%), polycrystalline
quartz (10%), and other (5%). Brittle deformation.

BQ; some carbonate cement
replacing chert grains.

veins.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order) Veins (minerals listed in paragenetic order)
number
18 MDk Sandstone: gray, fine grained, massive bedded, quartz and small black chert EDQ. Mineralizing fluids flowed through
grains, rutile, Al- and Si-clay(?) patches, minor disseminated pyrite. sandstone.
18.5 MDk  Siltstone: brown weathering, very fine grained, porous-leached sandstone Ankerite. Pyrite + chalcopyrite + calcite veins.
interbedded with shale.
19 MDk  Siltstone: brown weathering, interbedded with shale. Ankerite.
20 MDk  Sandstone: brown, fine-medium grained, abundant carbonate cement, thin Minor EDQ, ankerite (replacing Ankerite replacing quartz and chert
bedded. quartz and chert grains, + altered grains, late ankerite micro-veinlets.
to goethite).
21 MDk  Sandstone: light gray, medium grained, massive to crossbedded, porous- EDQ.
leached, entirely quartz cemented, slicks on fracture planes.
22 Min-  Sandstone: breccia of rounded sandstone fragments cemented by rock flour EDQ, BQ. BQ + sphalerite + pyrite in fracture.
MDk and BQ, cut by late BQ veins. Sandstone is fine-medium grained, porous-
leached.
23 Min-  Sandstone: massive, cut by numerous sulfide-bearing quartz veins.
MDk
23.5 Min  Mineralized breccia: chalcedonic quartz and sphalerite breccia. Chalcedonic quartz and sphalerite.
24 Dn Sandstone: medium gray, fine grained, interbedded with green, chloritic, EDQ(?), calcite (with trace Fe). Abundant carbonate and minor quartz
foliated shale, area has lesser interbedded sandy carbonates and green, veining in the area.
maroon and black shale. Grains composed of quartz, plagioclase (4%),
white mica (8-10%), chlorite (after biotite?), chert (flattened, partially
dissolved).
25a MDk  Sandstone: light gray, fine grained, large-scale crossbeds, massive bedded, EDQ. Micro-veinlets of BQ paralle] to
very porous leached, slightly foliated, partial chert dissolution, grains of foliation adjacent to vein B.
MCQ, chert, lithics, plagioclase (2-3%), white mica, trace zircon.
25b Min  Vein B: growth zoned quartz-galena-calcite veins cut sandstone 25a Growth-zoned quartz (blue, tan,
peripheral to main quartz-chalcopyrite-pyrite zone. yellow)+ galena with late calcite.
26 Min  Mineralized vein-breccia zone: Vein-breccia zone of quartz +
chalcopyrite + pyrite, secondary
azurite and malachite.
27 MDk  Sandstone: fine-medium grained, large crossbed sets, porous-leached. EDQ, minor ankerite, BQ. Minor gray quartz veinlets.
28 MDk  Sandstone: light gray, fine-medium grained, porous-leached. EDQ, trace BQ(?) Mineralizing fluids flowed through
rock.
29 ? Sandstone and siltstone: brown to maroon, sandstone medium grained, EDQ, ankerite (+ goethite altered), ~Abundant BQ + chalcopyrite veins.
siltstone very fine grained, interbedded shale, minor carbonate lenses, siderite, (BQ and FeMnO(OH)
manganese-oxide coatings, rutile(?) grains. replacing ankerite and siderite).
30 MDk  Sandstone: brown, fine grained, carbonate rich. EDQ, abundant ankerite, BQ. Thin vein of gray quartz; BQ in diffuse
vein(?)
31 Min-  Sandstone: light gray, fine-medium grained, bleached, light red iron EDQ, abundant BQ + disseminated Mineralizing fluids passed through
MDk staining, porous-leached, reflective quartz surfaces, Al- and Si-clay galena, neon green unknown rock, cut by gray and BQ veins.

patches, galena cement.

cement.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order)  Veins (minerals listed in paragenetic order)
number

32 MDk  Siltstone: maroon and black, fine grained, interbedded with shale. Minor EDQ, abundant ankerite, Early veins of BQ + siderite (vein rim)+

BQ. ankerite (center); late gray quartz
veinlets.

33 MDk  Shale: greenish-brown to black paper shale, highly foliated.

34 MDk  Sandstone: grayish-green weathering, fine-medium grained, iron-stained, EDQ, goethite after carbonate, BQ-carbonate veinlets, may contain
porous-leached, crossbedded sandstone with fining-upward sets, minor trace bright neon green unknown trace disseminated sphalerite +
conglomerate lag beds to 3 c¢m, interbedded with gray shale; disseminated cement. galena(?)
pyrite, chlorite in sandstone.

35 MDk  Sandstone: light gray weathering, medium gray color, medium grained, EDQ, zoned ankerite to siderite(?), Mineralizing fluids flowed through
massive, jointed, porous-leached sandstone with patches and pyrite, BQ; minor carbonate sandstone, outcrop cut by numerous
disseminated pyrite (partially altered to goethite). replacement of sandstone grains. quartz + carbonate veins.

36 Dn  Sandstone: light greenish brown, fine grained, massive, + crossbedded, EDQ, minor ankerite (+ goethite Late stylolites filled with carbonate.
partially carbonate cemented, porous-leached. altered).

37 Dn Sandstone: gray-green weathering, fine grained, porous-leached, minor EDQ, trace goethite after Fe-
pyrite patches, crossbed sets to 1 m, sandstone breaks into thin planar carbonate.
pieces.

38 Dhf  Sandstone: brown weathering, fine grained, micaceous, porous-leached, iron EDQ, ankerite (+ goethite altered).  Calcite + ankerite (+ minor goethite
stained, interbedded with black shale. altered) veins, and BQ veins.

39 Dhf  Siltstone and shale: dark grayish green, interbedded with minor sandstone,
fissile to thin bedded, fractured, iron stained.

40 Mk?  Concretions: similar to those from the Kayak Shale near the Ivotuk airstrip, ~ Central cracks filled with siderite,
and elsewhere in the Killik River and Howard Pass quadrangles. calcite and pyrite.

41 MDk  Silty carbonate: dark reddish-brown weathering, with silver-blue weathering Phosphatic fossils in mixed
phosphatic fossils, minor lens, grains of quartz (<30%). siderite, unknown green and

yellow cements.

42 MDk  Sandstone: light gray, fine-medium grained, porous-leached, uniform grain ~ EDQ, abundant BQ.
size, minor slickenslides, cut by cleavage fractures.

43 Dn  Sandstone: light gray-brown weathering, fine-medium grained, porous- Minor EDQ, ankerite (minor
leached, thin bedded, poikilitic carbonate cement, disseminated pyrite replacement of sandstone grains,
altering to goethite. + goethite altered), BQ

(replacing goethite), bright green
unknown cement.

44a MDk  Sandstone: dark brown, fine grained, abundant goethite (after poikilitic Minor EDQ, goethite after BQ veins, + cut by micro-veinlets of
carbonate cement), disseminated pyrite. poikilitic Fe-carbonate, BQ. ankerite.

44b MDk  Sandstone: dark brown, medium-coarse grained, abundant goethite (after EDQ, abundant goethite after Late BQ + chlorite + siderite veins, late

carbonate) cement, disseminated pyrite.

siderite/ankerite (spatially ankerite in stylolites.
associated with BQ; replacing

sandstone grains), BQ; unusual

bright orange carbonate

replacing(?) goethite and BQ.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample
number

Unit Field description and petrographic observations

Cements (listed in paragenetic order)

Veins {minerals listed in paragenetic order)

45

46

47

48a

48b

48¢c

49
50
51

52
53

54

55
56
57

MDk  Coal and sandstone: light gray, fine-grained, planar to crossbedded,
carbonaceous sandstone interbedded with coal.
Dn  Sandstone: light brown, fine grained, slightly porous-leached.

Dn Sandstone: light brown, fine grained, crossbedded, minor mud-chip

conglomerates, porous-leached, disseminated pyrite, grains of MCQ
(50%), chert (42%), white mica (<1%), cherty argillite lithics (7%), small
K-, Al-, and Si-clay or mica patches (1%), trace epidote. Numerous
mineralized quartz + calcite veins with green, 2-6 mm carbonate-removal
halos, chert more deformed and irregularly shaped within alteration halo,
detrital white mica grains pseudomorphed by recrystallized white mica.

Fault Fault gouge: breccia composed of angular crystalline calcite fragments
floating in a matrix of Al- and Si-clay.

Min-  Sandstone: light greenish brown, fine grained, abundant carbonate cement.

Dn  Sandstone breccia: light greenish-brown, fine-grained, porous-leached

sandstone with rutile grains.

Min  Veins: folded.

Dn Sandstone: light greenish brown, fine grained, porous-leached; outcrop cut

by veins.

MDk? Sandstone: light brown, massive to thin bedded.
MDk? Sandstone and siltstone: maroon and green, fine grained, interbedded.
Dn Sandstone: light brown, medium grained, massive; poikilitic carbonate

lenses and concretions.

MDk- Conglomerate: gray/tan, carbonate cemented.

Dn?

MDK? Shale: dark grayish green, interbedded with sandstone.
Dn Sandstone: light brown, poikilitic carbonate cement.
MDKk?  Siltstone: maroon and green, fine grained, MnO tarnish, possibly burrowed,
abundant zoned carbonate cement (unusual; most carbonate cement at

Kady is not zoned).

EDQ + coal or carbonaceous plant
material.
EDQ, ankerite, BQ.

EDQ, ankerite (+ goethite altered),
pyrite; carbonate cement
removed adjacent to and
chemically zoned away from
quartz vein.

Al- and Si-clay, calcite, minor BQ.

EDQ, ankerite, minor BQ;
calcite(?) replacing sandstone
grains.

EDQ, calcite, very minor BQ.

EDQ, ankerite (+ goethite altered),
BQ.
EDQ, carbonate.

Minor EDQ, ankerite (+ minor
goethite alteration), BQ, trace

pyrite; ankerite in concretion has

replaced chert and MCQ grains.
EDQ rims on sandstone grains
are not present in center of
concretion.

EDQ, carbonate.

EDQ, carbonate.
Minor EDQ, distinctive zoned

rhombohedral ankerite, calcite &

siderite.

Numerous zoned siderite + ankerite +
calcite veins and veinlets.

Growth-zoned quartz vein with early
BQ and chalcopyrite to late white
quartz to late calcite in center; small
BQ veinlets along vein margin.

Early ankerite veins cut by vein of
quartz (margin) and calcite (center);
chalcopyrite, pyrite & galena
associated with ankerite veins.

Quartz + chalcopyrite + trace galena +
late calcite veins.

Veins of quartz pinch out/terminate into
sphalerite and calcite.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order) Veins (minerals listed in paragenetic order)
number
58 MDk? Sandstone: brown, fine grained, very thin bedded, trough crossbedded, EDQ, ankerite, siderite (+ goethite ~ Sandstone brecciated, breccia cemented
abundant carbonate cement, brecciated. altered), BQ. by calcite.
59 MDk Conglomerate and sandstone: light gray, medium to very coarse grained, EDQ, clay(?), minor goethite(?) Outcrop is fractured/brecciated with
contains clasts of quartz, black chert and minor distinctive bright green after Fe-carbonate, BQ. quartz.
chert; cycles of conglomerate-massive sandstone-crossbedded sandstone.
60 Dn Sandstone: brown, fine grained, carbonate cemented, poikilitic carbonate EDQ, ankerite (+ goethite altered),
concretions. 1% pyrite.
61 Dnl  Sandy carbonate: brown, fine-grained, bluish-silver and maroon, intra- Calcite(?)/ankerite(?) Calcite vein with trace ankerite along
formational lithoclast (limestone) conglomerate with manganese tarnish edge.
within sandy carbonate bed, carbonate concretions, small 1-2 cm
brachiopods.
62 Dn Sandstone: brown, fine grained, poikilitic carbonate cement, black shale EDQ, abundant ankerite (= minor
partings/ mud chips, crossbedded, minor plant debris. goethite alteration), BQ.
63 Dn  Sandstone/siltstone: medium green, fine grained, very micaceous, mica EDQ, trace BQ.
gives rock planar breakage habit, very porous leached grains.
64 MDk? Sandstone: fine-medium grained, interbedded with maroon shale. EDQ, unknown light orange Early vein of botryoidal goethite (after
carbonate cement, BQ. Fe-carbonate?), cut by late BQ veins.
65 MDk-  Sandstone: maroonish gray, bedding sets to 0.7 m, planar to sweeping
Dn? crossbeds, carbonate cemented.
66 MDk  Sandstone: maroon to yellow weathering, fine grained, massive to Ankerite.
crossbedded.
67a MDk  Sandstone: light gray weathering, massive. EDQ, siderite (+ goethite altered).
67b MDk  Siltstone: brownish-gray weathering, extremely fine-grained, quartz siltstone Quartz, siderite.
being replaced by zoned, rhomb-shaped crystals of siderite.
68 MDk  Siltstone: light brownish-gray to maroon; disseminated pyrite. Siltstone Minor EDQ(?), ankerite, minor
associated with maroon shales, siderite-cemented sandstones, minor coal, siderite.
iron-stones, manganese-staining, and Fe-concretions with pyritized plant
‘ material in them.
69 MDk  Sandstone: maroon, fine grained, K-, Al-, and Si-clay or very fine-grained EDQ, ankerite(?) (+ goethite
white mica, slightly porous-leached. altered), BQ.
70 MDk  Sandstone: grayish brown, coarse grained, mostly quartz and altered chert EDQ(?), siderite ( goethite
grains. altered); siderite replacing
sandstone grains.
71a MDk  Concretion: sandy micritic carbonate with pyritized plant stem. Siderite. Pyrite.
71b MDk  Sandstone: light gray, fine-medium grained, light reddish-tan iron staining, = EDQ, trace BQ. Mineralizing fluids passed through
black lichen-covered outcrops, grains of rutile, unknown P- and Si- sandstone; veins of quartz +
bearing mineral (fluoresces), very porous leached. chalcopyrite.
72 Min-  Gossan C: gossanous Zn-carbonates. Banded, secondary Zn (Cd, Ca,
Dn +Fe)CO3.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements {listed in paragenetic order) ~ Veins (minerals listed in paragenetic order)
number ‘
73 Min-  Sandstone breccia and gossan C: sandstone exhibits at least two stages of Sandstone breccia cemented by quartz +
Dn brecciation. sphalerite + minor galena, cut by
calcite veins.
74 MDk  Sandstone: brown, fine and coarse grained, iron stained, disseminated pyrite, EDQ, ankerite(?) (& trace goethite ~ Qutcrop cut by thin quartz + carbonate
cut by en echelon, quartz-filled fractures. alteration), pyrite (1-2%), trace veins.
BQ.
75 Min-  Sandstone: light gray, fine grained, very porous leached, rutile. EDQ, trace ankerite, trace siderite,  Siderite vein, cut by abundant, late,
MDk rutile(?) sheeted micro-veinlets of gray quartz
and BQ with sulfide mineralization.
76 MDk  Graded sandstone breccia S: fine grained, light gray, Al- and Si-clay EDQ, BQ. Milky quartz cemented breccia + trace
patches, 1% rutile as grains/cement(?), porous-leached sandstone. Breccia pyrite.
is inversely graded with clasts to 2.5 cm.
77 MDk  Sandstone: light grayish brown, medium grained, 15- to 60-cm-thick planar EDQ, pyrite, trace BQ.
beds, disseminated pyrite altering to goethite, slightly porous-leached.
78 Min-  Sandstone: light brownish-gray weathering, medium-grained, very porous EDQ, trace BQ. Gray quartz micro-veinlets and vein of
MDk leached sandstone, cut by a large mineralized quartz-sphalerite dominant growth-zoned, grayish-BQ to white
vein-breccia zone and numerous smaller quartz veins. quartz with sulfide mineralization,
cut by late fractures of BQ or
cerussite(?).
79 Dn Sandstone: light brown, fine grained. EDQ, calcite, goethite after Outcrop cut by quartz veins.
siderite(?), BQ.
80 MDk  Sandstone: light tan gray, fine grained, Al- and Si-clay patches, rutile, EDQ, goethite after Fe-carbonate, =~ Minor gray quartz veinlet.
porous-leached. BQ.
81 MDk  Sandstone: fine grained, trace disseminated pyrite, trough crossbedded. EDQ, ankerite (£ altered to BQ + ankerite(?) veins.
goethite).
82 MDk  Shale: maroon, nearby green shale, occurs between MDk gray quartz
sandstone above and Dn brown carbonate-cemented sandstone below.
83a MDk  Sandstone: white and green mottled, fine grained, porous-leached, 30-cm- EDQ, ankerite, siderite, trace BQ(?) Gray-blue quartz vein.
thick bed within maroon shale, chlorite slicks along bedding.
83b MDk  Sandstone: green and white mottled, fine grained, porous-leached, 30-cm- EDQ, minor ankerite, siderite, Vein of BQ (rim) + calcite (center).
thick bed within maroon shale, chlorite slicks along bedding. minor chlorite(?)
84 MDk  Sandstone: light gray, faint iron staining, medium grained, massive, thick EDQ. Minor quartz veining.
bedded, abundant white mica.
85 MDk  Sandstone: maroonish-gray weathering, fine-medium grained, + iron- EDQ, goethite after Fe-carbonate; ~ Gray quartz veins, fractured.
stained, trough(?) crossbedded, massive to thin bedded, porous-leached, rims of chert grains partially
grains of MCQ (50%), chert (50%), rutile, white mica. replaced by carbonate.
86a MDk  Sandstone: coarse grained. Phosphate mineral, goethite after
siderite(?) cement (notably no
EDQ).
86b MDk  Sandstone: medium grained, porous-leached. EDQ, trace BQ(?). Vein of siderite.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order) Veins (minerals listed in paragenetic order)
number

87 MDk  Sandstone: brown, fine grained, abundant, irregularly-zoned carbonate Zoned calcite to siderite (notably
cement, vugs of carbonate, angular sandstone grains, interbedded with no EDQ).
maroon, gray and green shale.

88 MDk  Sandstone: dark brown, medium-coarse grained, angular clastic grains. Sparse EDQ on a few grains, Gray-blue quartz veins.

abundant siderite.

89 MDk  Sandstone: light gray, fine grained, minor light red iron staining, very EDQ, minor siderite (+ minor Gray-BQ veins + sulfides, mineralizing
porous leached, Al- and Si-clay patches. goethite alteration), BQ. fluids flowed through sandstone.

90 MDk  Sandstone: brown weathering, fine grained, thin bedded, very porous EDQ, minor goethite after Abundant small gray quartz veins.
leached, K-, Al-, and Si-clay or white mica (after feldspar?). siderite(?)

91 MDk  Sandstone: light gray, fine grained, thin bedded. EDQ, minor siderite, possible Large BQ vein that is cut by sheeted

grayish BQ(?), minor neon, teal BQ veinlets.
green, unknown cement.

92 MDk  Sandstone: light gray, fine-medium grained, massive to crossbedded, EDQ, rutile(?), trace BQ. Micro-veinlets of gray-blue(?) quartz.
porous-leached; grains of MCQ, chert, lithics, rutile, apatite.

93 Min-  Sandstone: light gray, massive to crossbedded, porous-leached. Gray quartz + galena + pyrite +

MDk chalcopyrite, with secondary neon
blue cerussite.

94 MDk  Sandstone: light gray, fine grained, crossbedded, disseminated pyrite, plant ~ EDQ, trace goethite after Fe- Mineralizing fluids flowed through
material, porous-leached, Al- and Si-clay and K-, Al-, Si-clay or white carbonate, abundant BQ. sandstone.
mica.

95 Dhf  Siltstone and shale: dark greenish black, fine grained, finely interbedded, EDQ, goecthite after Fe-carbonate, = Quartz veins with trace chalcopyrite(?)
porous-leached; chlorite, rutile(?) grains; mixed with fine-grained pyrite.
sandstone.

96 Dhf  Sandstone: dark brownish gray, fine grained, crossbedded, black shale EDQ, ankerite (+ trace goethite?
partings, compact, very porous leached. alteration).

97 Dn Sandstone: brown weathering, fine grained, trough crossbedded, abundant EDQ, siderite(?), trace BQ.
disseminated pyrite patches, very porous leached, grains of MCQ, chert,
lithics, albite, chlorite (after biotite--one zircon grain with metamict
halo), white mica, Al- and Si-clay patches, chlorite, rutile, carbonaceous
plant fragments.

98 MDk  Sandstone: light brownish gray, medium grained, thin to trough crossbedded EDQ, ankerite (% goethite Mineralizing fluids flowed through
(sets as thick as 0.7 m), grains of MCQ, chert, lithics, white mica. alteration); ankerite replaced sandstone; thin quartz vein.

several chert grains.

99 MDk  Sandstone: light red iron stained, light gray colored, fine grained, porous- EDQ, rutile(?) Mineralizing fluids flowed through
leached, grains of MCQ), chert, white mica, lithics, plagioclase, trace sandstone; BQ veins, chlorite in one
chlorite (after biotite), minor rutile, abundant K-, Al-, and Si-clay or vein in thin section.
white mica (after feldspar?), plant fragments.

100 Min-  Sandstone and shale: light gray sandstone and shale, light red iron staining. Numerous veins including a 1-m-wide

MDk sandstone is brecciated and cut by mineralized veins that tend to occur sphalerite dominant vein with

along shale-rich layers.

quartz, chalcopyrite and lesser
galena.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order) Veins {minerals listed in paragenetic order}
number

101 MDk  Sandstone: light gray, fine grained, very porous leached, minor rutile, EDQ, pyrite.

disseminated pyrite.
102 Dn  Sandstone: light brownish gray, fine grained, thin crossbedded, very porous  EDQ, siderite (& goethite
leached, grains of quartz, chert, lithics, plagioclase, white mica, and alteration), BQ.
patches of very fine-grained white mica.
103 Dn  Sandstone: light brown, fine grained, massive to crossbedded, very porous  Abundant EDQ, minor goethite Minor quartz veining.
leached, grains of MCQ, chert, plagioclase, lithics, chlorite (after biotite), after Fe-carbonate, pyrite, trace
minor white mica, and trace apatite, rutile, minor Al- and Si-clay patches BQ); carbonate partially replaced
(after feldspar?). sandstone grains.
104 Dn  Sandstone: light brown weathering, fine grained, bleached, very porous EDAQ, thin goethite grain coatings. ~ Outcrop cut by quartz veins.
leached, rutile.
105 MDk  Sandstone: light gray, massive, crossbedded, trough crossbedded, plant EDQ, BQ. Quartz-veined joints.
material along bedding planes, very porous leached, rutile.
106 Min-  Sandstone in fault: light brown weathering, medium grained, very porous EDQ, trace BQ + rutile(?) (up to Mineralizing fluids flowed through
MDk leached; rutile grains. 1%). sandstone. Vein-breccia zones up to
30 cm wide, with quartz + sphalerite
+ galena.
107 Min-  Sandstone in fault: brown weathering, iron stained, fine grained, slightly EDQ, siderite, BQ. BQ veins.
MDk porous-leached; chlorite(?) grains.

108 Min  Vein: Growth-zoned quartz (blue, grayish-
blue, and dull to bright yellow) with
sulfides and neon blue cerussite.

109 Min-  Sandstone: brown weathering, abundant disseminated pyrite, grains of EDQ, pyrite cement, pyrite has Quartz + chalcopyrite + sphalerite -+

MDk MCQ, chert, and brown lithics; cut by numerous mineralized veins. partially replaced all grain types. galena veins cut abundant
disseminated pyrite.

110 Min-  Sandstone and vein: growth-zoned quartz vein, chlorite; sandstone is Growth-zoned quartz: gray-blue (early)

MDk bleached, brecciated, contains disseminated pyrite. to tan (late).

111 MDk  Siltstone and shale: brown weathering, very fine grained, abundant white EDQ, calcite (with minor iron). Calcite vein.

mica; 2.5-cm-thick sets of crossbeds.

112 Dn?  Sandstone: light brown, fine grained, abundant black shale rip-up clasts, EDQ, calcite, goethite after Fe-

ripple marks(?), small-scale crossbeds, porous-leached. carbonate, BQ.

113 Min  Vein: Growth-zoned, gray-blue, tan, yellow
quartz vein with chalcopyrite +
sphalerite + galena.

114 MDk  Sandstone: light gray, fine-medium grained, light yellow and red iron EDQ, possible late gray quartz(?)  Mineralizing fluids flowed through

staining, massive trough crossbeds, porous-leached; rutile(?) grains. sandstone; many quartz veins (see
sample 113).

115 Min  Vein: vein in sandstone breccia. Quartz vein with altered pyrite,
chalcopyrite.

116 Min-  Sandstone: light gray weathering, light red iron staining, porous-leached, Mineralizing fluids flowed through

MDk massive, trough crossbedded, minor conglomerate beds. sandstone.
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Appendix 1. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser carbonate rocks and
mineralization in the Kady area—Continued.

Sample Unit Field description and petrographic observations Cements (listed in paragenetic order)  Veins (minerals listed in paragenetic order)
number
117 Dn  Sandstone: gray-green, fine grained, trough crossbedded, disseminated EDQ, Zn-bearing goethite (after Mineralizing fluids flowed through
pyrite patches, porous-leached; grains of MCQ, chert, lithics, white mica, poikilitic carbonate cement), sandstone.
abundant plant material. pyrite, BQ, teal green unknown
cement.
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Chemical and Isotopic Data for Rocks and Ores
from the Upper Triassic Greens Creek and
Woewodski Island Volcanogenic Massive
Sulfide Deposits, Southeastern Alaska

By Rainer J. Newberry and David A. Brew

Abstract

Comparison of chemical and isotopic data from samples of
drill core and underground exposures at the volcanogenic mas-
sive sulfide (VMS) deposit at the Greens Creek mine on Admi-
ralty Island and from samples of drill core at VMS prospects on
Woewodski Island in the Duncan Canal area about 200 km to
the south indicates that the ores and host rocks at both places
have similar compositions. This evidence confirms that these
two localities are within the regional VMS belt of Late Triassic
age that has been inferred to extend from the Windy-Craggy
deposit in British Columbia southeast to Zarembo Island, about
20 km southeast of Woewodski Island. Sparse but consistent
fossil evidence indicates the belt's Late Triassic age. Although
there are some felsic volcanic rocks near the Woewodski Island
prospects, this VMS belt is distinguished by the overwhelming
dominance of compositionally similar metabasalts. Specifically,
the major- and trace-element chemical data indicate basaltic
compositions for Greens Creek stratigraphic footwall rocks and
sedimentary compositions for the stratigraphic hanging-wall
rocks. The near absence of bimodal volcanism and the rare-
earth-element data indicate that the tectonic environment was
not extensional, but was instead arc related. The corresponding
data for the Woewodski Island rocks give similar results.
Although the Woewodski Island metavolcanic rocks are not as
deformed or altered as those at Greens Creek, we confidently
assign them to the same volcanogenic massive sulfide belt on
the basis of lithology, trace-element and rare-earth-element
composition, and age.

Introduction

The deposit at the Greens Creek mine is the largest known
of many volcanogenic massive sulfide (VMS) deposits in south-
eastern Alaska (fig. 1). It and the other Late Triassic deposits

shown on figure 1 are part of a regional metallogenic belt that
extends to the northwest into British Columbia, where it
includes the Windy-Craggy deposit. This belt occurs in rocks
assigned to the Alexander terrane by Berg and others (1978), but
Brew and Ford (1994) and Brew (1996) interpret them instead to
be equivalent to the Wrangellia terrane rocks exposed adjacent
to the Alexander terrane. The Devonian(?) VMS deposits shown
on figure 1 are in what Brew and Ford (1994) and Brew (1996)
call the Behm Canal structural zone; their host rocks may actu-
ally be as old as Late Proterozoic and as young as late Paleozoic.
The Late Proterozoic-early Paleozoic VMS deposits shown on
figure 1 are all in the Alexander terrane.

Worldwide, VMS deposits of a given age, like the Late Tri-
assic deposits that are the focus of this report, occur in clusters
within larger belts. Thus, the presence of one major deposit sig-
nals the likelihood for others. Both the evaluation of undiscov-
ered mineral resources and the strategies for exploration and
development of Greens Creek-like deposits in southeastern
Alaska depend on understanding the origin of the Greens Creek
deposit.

Published models for the Greens Creek deposit include: (1)
proximal VMS, ores related to felsic volcanics and phreatoclas-
tic breccias (MaclIntyre, 1986); (2) distal VMS, ores related to
buildup in felsic tuff-like rocks (Dunbier and others, 1979); (3)
sediment-hosted sulfide, with ores related to syn-sedimentary
breccias and feeder veins (Dreschler and Dunbier, 1981); and (4)
proximal VMS, with ores related to altered and deformed mafic
volcanic rocks (Crafford, 1989). Given the degree of chemical
and mineralogical alteration typically associated with the forma-
tion of VMS deposits (Date and others, 1983) and the highly
sheared and foliated character of the rocks at Greens Creek,
macroscopic and microscopic observations of color, texture, and
mineralogy are insufficient to identify the rock protoliths.

The contrasting interpretations and uncertainties regarding
the origin of the Greens Creek deposit prompted this study of
the major- and minor-element compositions of the rocks. We
also studied the composition of the rocks that enclose VMS
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Figure 1.

Location map showing major VMS (volcanogenic massive sulfide) deposits and prospects in southeastern Alaska

and generalized lithotectonic terrane boundaries. Modified from and Newberry and others (1997).

prospects on Woewodski Island, in the Duncan Canal area (indi-
cated by no. 5 on fig. 1); these prospects have been interpreted
to be of the same Late Triassic age as the Greens Creek deposit
(Berg, 1981; Berg and Grybeck, 1980). Finally, we studied the
lead isotopes of ores from both Greens Creek and Woewodski
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Island and also from several other VMS prospects in southeast-
ern Alaska in order to further clarify the ages of the deposits.

A preliminary version of this report (Newberry and Brew,
1997) contains additional data and is referred to where we have
truncated its data to present it in revised form in this article.

Geologic Studies in Alaska by the U.S. Geological Survey, 1997
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Figure2. Generalized surface geology and surface projection of mineralized area at the Greens Creek deposit, southeastern Alaska. From
Crafford (1989) and Newberry and others (1997).

General Geology of the Greens Creek Deposit

Massive sulfide at the Greens Creek deposit is discontinu-
ously distributed along the contact between a structural hang-
ing wall of thinly laminated quartz-mica-carbonate phyllite and
a structural footwall of black graphitic meta-argillite (fig. 2).
Halobia present in carbonate-rich black argillite clasts con-
tained within pyritic massive sulfide ore indicate a Late Trias-
sic maximum age for the deposit (N.J. Silberling, written
commun., 1988, 1989, 1990; Crafford, 1989). Regional
structural relationships and locally preserved graded bedding
suggest that the stratigraphy at the mine is inverted and that the
structural hanging-wall rocks originally underlay the VMS
deposit. These stratigraphic footwall rocks are very fine grained
(<0.2 mm typically), are strongly foliated, and have been
described both as “mudstones,” “tuffites,” and “exhalites” with
an upward-increasing felsic volcanic component (Dunbier and
others, 1979) and as sedimentary rocks (Nokleberg and others,
1987). However, at least four folding events are documented at

Chemical and Isotopic Data for Rocks and Ores, Southeastern Alaska

the mine (Crafford, 1989), and their cumulative effect has been
to largely obliterate original stratigraphic footwall rock
textures.

Given the inverted stratigraphic interpretation, the overall
original stratigraphy of the Greens Creek mine is an upward
progression from greater than 100 m of chloritic phyllite (chlo-
rite > carbonate > quartz > sericite), to 0 to 70 m of sericitic
phyllite (sericite > quartz > carbonate, referred to later as
“quartz-carbonate-mica phyllite”), to local siliceous pyritic
phyllite, to O to 20 m of breccia, to massive sulfide, to
(overlying) graphitic calc-argillite and limestone (Newberry
and others, 1990). The thickness and silica content of sericitic
phyllite increases dramatically in areas proximal to ore. The
thicknesses of the breccia unit that is stratigraphically just
below the ore horizon are greatest approximately 50 to 300 m
laterally away from major sulfide thicknesses (Crafford, 1989).
Carbonate-altered quartz-mariposite rocks are variably present
near the ore horizon, but are distal to massive sulfide ore. Table
1 summarizes these stratigraphic and structural relations and
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Table 1. Generalized original stratigraphic section at the Greens Creek deposit, giving the single-letter abbreviations used in tables and figures.

Estimated Major rock type(s) Other rock type(s) Single- Notes
thickness letter
symbol
? Graphitic calc-argillite h Aka hanging-wall argillite, aka black argillite; aka black
Graphite-rich quartz-mica-carbonate rock [siliceous] argillite or calcareous argillite, aka siliceous
transitional to argillaceous limestone------- h argillite; hard and siliceous within 3 to 6 m of ore.
Massive sulfide Carbonate-altered quartz-mariposite rocks variably present near
Mariposite rocks m ore horizon--but distal to ore, they may be altered ultramafic
rocks (serpentinite); some black argillite may be interleaved
Serpentinite p with ore; Halobia occur in carbonate-rich black argillite
clasts in pyritic massive sulfide ore.
0-20 m Breccia X Aka siliceous breccia; thicknesses greatest 50-300 m away from
largest sulfide thicknesses.
Locally Siliceous pyritic phyllite Occurs below most Cu-rich part of ore body.
beneath ore = ==----mreeommeeena q
Chalcopyrite-quartz-pyrite-sericite rock----- q
Locally Graphitic phyllite
beneath ore  (=visible graphite) r Rare
0-70 m Sericitic phyllite s Aka quartz-carbonate-mica phyllite, aka "footwall phyllite," aka
(=sericite>quartz> Also contains ankerite, dolomite, calcite, muscovite phyllite, aka quartz phyllite, aka muscovite
carbonate) white mica, chlorite, Ti oxides; phyllite, aka muscovite-dolomite phyllite; thickness and
mariposite, mariposite-bearing phyllite, silica content increases proximal to ore, carbonate content
mariposite rock, mariposite phyllite, may be >10%, more silicic and pyritic closer to ore; some
mariposite-dolomite phyllite---------=------- m black argillite may be interleaved.
Quartz phyllite or pyrite-muscovite phyllite
or siliceous phyllite q
>100 m Chloritic phyllite (=
‘ chlorite>carbonate>
quartz>sericite c
Dolomitic phyllite c
Chlorite-calcareous phyllite--------~--------- c
Greenstone g
Gabbro, diabase, metagabbro--------------- g
Other Felsic sill, keratophyre-- k Aka quartz-albite rock.




The structural hanging wall (i.e., stratigraphic footwall),
quartz-carbonate-mica phyllite contains variable amounts of
ankerite, dolomite, calcite, white mica, chlorite, mariposite,
pyrite, and titanium oxides. These rocks were referred to as the
“footwall phyllite” by Newberry and others (1997). The carbon-
ate content of these phyllosilicate-rich rocks often exceeds 10
percent by volume, and the rocks typicaily become progres-
sively more silicic and pyritic with increasing proximity to
massive sulfide mineralization (Newberry and others, 1990). A
local unit that is stratigraphically beneath the most Cu-rich part
of the orebody is a rock consisting of quartz, pyrite, sericite, and
minor chalcopyrite referred to as “siliceous pyritic phyllite.” An
additional, and rare, rock type in the stratigraphic footwall pack-
age contains visible graphite and is referred to as “graphitic
phyllite;” we interpret the organic carbon in this rock to indicate
a sedimentary origin. Reflected light petrography indicates that
most of the black color in the stratigraphic footwall rocks is,
however, due instead to very fine grained sulfide minerals. The
siliceous pyritic phyllite and the graphitic phyllite are below the
footwall breccia mentioned previously.

Stratigraphic hanging-wall graphitic argillite, referred to
variously as “black argillite,” “black graphitic meta-argillite,” or
“graphitic calc-argillite,” is graphite-rich quartz-mica-carbon-
ate-graphite rock that is commonly transitional to argillaceous
limestone (Newberry and others, 1990). Within about 3 to 6 m
of massive sulfide, the black argillite is hard and siliceous. Black
argillite is in places (structurally?) interleaved with massive sul-
fide and stratigraphic footwall phyllite.

General Geology of Woewodski Island

Rock exposures on Woewodski Island, 30 km south of
Petersburg, Alaska (figs. 1, 3), are limited almost exclusively to
beaches and stream cuts. Based on similarities to known fossilif-
erous Triassic rocks only a few kilometers to the northwest,
most of the metavolcanic rocks on Woewodski Island have been
interpreted to be of Late Triassic age (Berg, 1981; Berg and Gry-
beck, 1980; Brew, 1997a, 1997b) and some of indeterminate
Mesozoic age. However, Cretaceous rocks of the Gravina
assemblage are present just east of Woewodski Island, and it is
not entirely clear where the contact between Triassic and Creta-
ceous rocks is located. Lithologies on Woewodski Island include
black slate; greenstone of probable basaltic composition; basal-
tic tuff; limestone; and cherty, sulfide-bearing rocks. VMS min-
eralization has been identified at the Helen S. prospect, and
prospects have been drilled near the center of the island (fig. 3).
Due to the limited exposures, the ages and character of the ores
and host rocks are not well constrained.

Analytical Methods

Seventy-one samples were selected for major- and minor-
element analysis during detailed diamond drill core logging
and underground and surface mapping in the Greens Creek
deposit area. Ten samples from drill core of VMS prospects on
central Woewodski Island were also analyzed. Outcrop sam-
ples were clean, fresh, 0.5- to 2.0-kg, composite chip samples.
Drill core was sampled by sawing complete 0.2- to 3.0-m

sections lengthwise, and the entire half of the core was ground
for analysis. All samples were analyzed for major elements
using standard fused-pellet X-ray fluorescence (XRF) tech-
niques, for FeO by titration, and for minor and trace elements
by energy-dispersive X-ray fluorescence in U.S. Geological
Survey laboratories. Some of the same samples were checked
by wavelength-dispersive XRF analyses at the University of
Alaska-Fairbanks. All analytical methods are essentially those
described by Arbogast (1996). CIPW norms were calculated
from the major-element analyses using the “Petcal” program
(R.D. Koch, written commun., 1980). In addition, 23 samples
from Greens Creek were analyzed for rare earth and additional
trace elements by standard neutron activation techniques
(Arbogast, 1996). Galena-rich samples were analyzed (Richard
Hurst, Chempet Research Corporation, Moorpark, Calif., writ-
ten commun., 1995) for Pb isotopic ratios using standard
extraction and analytical techniques, including correction for
thermal fractionation (Cameron and others, 1969).

Results

Locations and brief descriptions of rocks from the Greens
Creek mine area analyzed for this study are given in table 2.
This table also contains (in the column marked by an “*””) the
rock-type single-letter abbreviations that are employed as sym-
bols on the compositional diagrams (figs. 4-13) and on the inter-
preted protolith diagrams, which are based on the major- and
minor-element compositions. Table 1 explains these symbols
and also links the samples to the stratigraphic package at Greens
Creek. Major-oxide analyses (table 3) and minor-element analy-
ses (tables 4 and 5) are given for selected samples from both the
Greens Creek area and Woewodski Island. CIPW normative
analyses are given in Newberry and Brew (1997, their table 3).
Lead isotopic analyses for selected VMS deposits of southeast-
ern Alaska are given in table 6.

Interpretation

Compositional Characteristics and Protoliths of
Rocks from the Greens Creek Deposit and Vicinity

Major-element analyses of rocks from the Greens Creek
mine area indicate broadly basaltic compositions (table 3) for
the bulk of stratigraphic footwall rocks. However, extremely
high LOI (loss on ignition = sum of H,O + CO, + S) values
(Newberry and Brew, 1997, their table 2) and variably high nor-
mative corundum (Newberry and Brew, 1997, their table 3) indi-
cate that these stratigraphic footwall rocks are either
sedimentary or very strongly altered. Manganese oxide, which is
commonly associated with hydrothermal alteration, is also
present at high concentrations in some samples (table 3).
Because LOI and MnO show a positive correlation (fig. 4A4) for
a variety of lithologies, it is likely that MnO, H,0, CO,, and S
were introduced together, and the rocks have experienced hydro-
thermal alteration. Because the rocks have such high LOI's, it is
best to compare oxide concentrations normalized on an
anhydrous basis.
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Figure 3.

Locations of VMS (volcanogenic massive sulfide) showings in the Duncan Canal-Zarembo Island area, including Woewodski

Island, southeastern Alaska. From Berg and Grybeck (1980) and Newberry and others {1997).

Of the various major oxides, TiO, is among the most immo-  protoliths (BVSP, 1981) (fig. 4B). Obvious sedimentary rocks,

bile during chemical alteration (Winchester and Floyd, 1977), i.e., the stratigraphic hanging-wall argillites (“h”) and strati-
and it is notable that the bulk of stratigraphic footwall rocks have  graphic footwall graphitic phyllites ( “r””), have much higher
TiO, and also SiO, contents compatible with mafic and ultramafic ~ SiO, contents, but TiO, concentrations are elevated relative to

Geologic Studies in Alaska by the U.S. Geological Survey, 1997



- 18
z L
5]
Q14
w 5
o
|:—:1.2- S
5
o 4L
s ] m
3 x s
808:
s
S 05 X § S
L m
Z & SCS s S
< S
04f & s q S
£ ¢ g9 s M ss s
S02}F ?5 T g
oY h s
s 1k |§ mheBP e
0 o] " n 1 " 1
0 10 20 30

Ho0 + COz + S, IN WEIGHT PERCENT

w

Basaltic
composition

[
o
T
(7]

N
T
(o]

Andesitic
compaosition

]
«Q

h Rhyolitic
composition
Ultramafic ;
m

r
thxi‘a
SR LY.

0
30 35 40 45 50 55 60 65 70 75 80 8 90
SiOg, IN ANHYDROUS WEIGHT PERCENT

o
o
—

L M m

TiOy, IN ANHYDROUS WEIGHT PERCENT
&
«Q

45
z, d
& 20
E -
o 35+
=SS Ultramafic
% 30[ composition
2
25
% m y
2l s Andes[tl'c
sl s s S composition
F ...
15kF Rhyolitic
z X .
< | a" s composition
Z_lﬂt g S S § hq X
% : CsS q.9
s 5 Basaltic £ h r q q h
+ composition I f"g q h

0 T T S
30 3% 40 45 50 55 60 65 70 75 8 8 90
SiO2, IN ANHYDROUS WEIGHT PERCENT

8
kk<— Keratophyre
o - Rhyolitic
m Andesitic composition

s € composition
Basaltic

r
° 4 ﬁé
composition —
L 9 nS n Not igneous
g9 & or
2 h silicified

Naz0, IN ANHYDROUS WEIGHT PERCENT

s
3 s
T Ss s. S
ﬁ] $ S q r q
s LA h & g h
B gt h
M - .SQ§n L SS X ' )n( .q PR

1 n 1 1 L T a |
030 35 40 45 50 55 60 65 70 75 80 8 90
SiOg, IN ANHYDROUS WEIGHT PERCENT

Figure 4. Major-element characteristics of rocks from the Greens Creek deposit and vicinity. Sample/rock type symbols plotted are as
follows: Hanging-wall rocks: h, hanging-wall argillite; Footwall rocks: r, graphitic phyllite; g, quartzitic phyllite; ¢, chloritic phyllite/green-
stone; s, muscovite chlorite phyllite; m, mariposite rock; x, siliceous breccia; g, gabbro; p, serpentine. Other: k, felsic sill. A, Anhydrous
weight percent MnO plotted vs. sum of H,0 + CO, + S, showing correlation between the two. B, Anhydrous weight percent Ti0, plotted vs.
Si0,, showing that most stratigraphic footwall rocks have compositions consistent with mafic and ultramafic igneous rocks. C, Anhydrous
weight percent MgO plotted vs. Si0,, showing that stratigraphic footwall rocks have compositions consistent with mafic and ultramafic
igneous rocks. 0, Anhydrous weight percent Na,0 plotted vs. Si0,, showing major depletion in Na for most of the stratigraphic footwall
rocks relative to normal igenous rocks and extreme enrichment in the sample of keratophyre (“k”). Compositional fields shown are from

Streckeisen and LeMaitre (1979).

rthyolite (fig. 4B). Only a few of the samples have SiO, and TiO,
contents appropriate for felsic igneous rocks (fig. 4B). The rela-
tively close correspondence of the SiO, and TiO, is interesting
and difficult to explain because SiO, is generally judged to be
mobile, and TiO, immobile, during chemical alteration.

MgO contents of the greenstones and chloritic phyllites
(“c”), serpentinites (“p”), gabbros (“g”), and mariposite-bearing
phyllites (“m”) are similarly appropriate for mafic and ultrama-
fic rocks (fig. 4C). Many of the muscovite phyllites (“s”) also
show Si0O,, TiO,, and MgO contents appropriate for basaltic
rocks (figs. 4B, 4C). Na,O concentrations, however, are
extremely erratic (fig. 4D) and reflect the extreme mobility of
Na* during hydrothermal alteration. Most of the samples in the
data set are strongly to somewhat depleted in Na,O relative to
unaltered igneous and sedimentary rocks (Taylor and McLen-
nan, 1985) (fig. 4C); two samples from a felsic sill(?) from the
mine area (“k”) have extremely high Na,O and keratophyric

compositions. Similarly, most of the samples have less than 3.0
percent K,O and, despite the apparent abundance of fine-grained
white mica in the muscovite phyllites, are significantly depleted
in K,O relative to felsic igneous rocks (table 3). Depletion in
alkalis, especially Na,O, is characteristic of alteration developed
under some, dominantly felsic-rock-hosted, VMS deposits (e.g.,
Date and Watanabe, 1979; Date and others, 1983; Hashiguchi
and others, 1983).

The CIPW Norms for the samples (Newberry and Brew,
1997, their table 3) show variably high corundum and quartz
(Newberry and Brew, 1997, their fig. 6a). Some greenstones and
chloritic phyllites have near-zero values for normative corun-
dum and quartz; other footwall phyllites and metagabbros (“c,”
“g”) have variably high corundum and low normative quartz,
whereas the sedimentary rocks (“h,” “r’’) have high normative
quartz and variable corundum (Newberry and Brew, 1997, their
fig. 6a). High normative corundum values in altered igneous

Chemical and Isotopic Data for Rocks and Ores, Southeastern Alaska Y|



Table 2. Locations and descriptions of Greens Creek (gc) and Woewodski Island (RN) samples.

[Abbreviations in “*” column explained in table 1. Abbreviations are used as symbols on some figures, and sample numbers are used in REE (rare-earth-element)

plots. deg, degrees; min, minutes; sec, seconds; meta-hbl, meta-hornblende; musc, muscovite; grnst, greenstone; phyl, phyllite]

Sample Description * Location Latitude (W.) Longitude (N.) Most likely protolith
no. deg min sec deg min sec
gc78b siliceous breccia X 920 Adit, 1st x-cut 58 4 55 134 38 0 silicified breccia
gc80d pyrite dolomite q 1350 Adit: x-cut to 58 4 47 134 37 47  altered sediment?
muscovite quartz ore
phyllite
2c80i pyrite dolomite q 1350 Adit: x-cut to 58 4 47 134 37 47  altered rock
muscovite quartz ore
phyllite
gc80k pyritic quartz muscovite s 1350 Adit: x-cut to 58 4 47 134 37 47  altered basalt
phyllite ore
gc80m  pyrite dolomite q 1350 Adit: x-cut to 58 4 47 134 37 47  altered basalt?
muscovite quartz ore
phyllite
gc80pq  pyritic quartzmuscovite s 1350 Adit: x-cut to 58 4 47 134 37 47  altered basalt
phyllite ore
gc8la graphitic phyllite r 1350 Adit 58 4 47 134 37 47  C-rich mudstone
gc82a chlorite dolomite ¢ Greens Creek Road 58 4 54 134 38 37  basalt
phyllite
gc82c dolomite muscovite q  Greens Creek Road 58 4 54 134 38 37  altered sediment(?)
quartz phyllite
gc83b dark-gray quartz q  Greens Creek Road 58 4 49 134 38 50  silicified sediment
phyllite
gc83c typical muscovite s Greens Creek Road 58 4 49 134 38 50 altered basalt
phyllite
gc84b metagabbro g  Greens Creek Road 58 4 44 134 39 32 gabbro
gc84c mariposite rock m  Greens Creek Road 58 4 44 134 39 32  altered mafic rock
ge85b greenstone ¢ Greens Creek Road 58 4 35 134 41 50 basalt
gc89a black argillite h  Greens Creek Road 58 5 13 134 43 40  carbonaceous mudstone
gc90a black siliceous argillite h  Greens Creek Road 58 5 33 134 44 0  siliceous mudstone
gc93a siliceous breccia x  Greens Creek Road 58 5 54 134 44 21 conglomerate(?)
gc%4a mariposite muscovite m  Greens Creek Road 58 5 58 134 44 24  altered ultramafic rock
dolomite phyllite
gc94b mariposite muscovite m  Greens Creek Road 58 5 58 134 44 24 altered mafic rock
dolomite phyllite
gc95a graphitic phyllite r  Greens Creek Road 58 6 5 134 44 22 C-rich mudstone
gcl0la  metagabbro g  Mariposite Ridge 58 6 12 134 40 40  gabbro
gcl02a  metagabbro g  Mariposite Ridge 58 6 16 134 40 36  gabbro
gcl03a  metagabbro g Mariposite Ridge 58 6 28 134 41 9  gabbro
gcl21b  gray muscovite phyllite s 920 Adit "serp" 58 4 55 134 37 55  altered basalt
gcl22a  greenstone ¢ GCS51190-91 58 4 30 134 38 0  Dbasalt
gcl22b  quartz albite rock k GCS511129.% 58 4 30 134 38 0 keratophyre
gcl22d  quartz albite rock k GC511169.5 58 4 30 134 38 0  keratophyre
gcl22e  meta-diabase g GC511203 58 4 30 134 38 0  altered diabase
gcl22f  greenstone ¢ GC511273 58 4 30 134 38 0  basalt
gc284b  calcareous argillite h 920 Adit 58 4 55 134 38 0  calcareous mudstone
gc284c  tan muscovite dolomite s 920 Adit 58 4 55 134 38 0  altered basalt
phyllite
gc284d  tan muscovite dolomite s 920 Adit 58 4 55 134 38 0 altered basalt
phyllite
gc284e  chlorite calcareous c 920 Adit 58 4 55 134 38 0  Dbasalt
phyllite
gc284f  siliceous argillite h 920 Adit 58 4 55 134 38 0 siliceous shale

rocks result from removal of Na,O, K,0, and CaO as Al,O; is

essentially immobile under most circumstances (Fyfe and
others, 1978); the classification of such rocks based on the

abundance of alkali elements is consequently misleading. The
normative compositions, however, are consistent with mafic-
ultramafic protoliths for the less-altered greenstones, chloritic
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Table 2. Locations and descriptions of Greens Creek (gc) and Woewodski Island (RN) samples—Continued.

Sample Description * Location Latitude (W.) Longitude (N.) Most likely protolith
no. deg min sec deg  min sec
gc285a  mariposite phyllite m 1350 Adit 58 4 47 134 37 47  altered mafic rock
gc285b  siliceous argillite h 1350 Adit 58 4 47 134 37 47  siliceous shale
gc285g  mariposite phyllite m 1350 Adit 58 4 47 134 37 47  altered mafic rock
gc286a  meta-hbl gabbro g  Mariposite Ridge 58 6 10 134 39 40  hornblende gabbro
gc286b  greenstone ¢ Mariposite Ridge 58 6 10 134 39 40  basalt
gc286c  metagabbro g  Mariposite Ridge 58 6 10 134 39 40  gabbro
gc286d  greenstone ¢  Mariposite Ridge 58 6 10 134 39 40  basalt
gc286e  serpentinite p  Mariposite Ridge 58 6 10 134 39 40  ultramafic rock
gc286f  greenstone ¢ Mariposite Ridge 58 6 10 134 39 40  basalt
gc287a  mariposite dolomite m  MPR-1258-261' 58 6 3 134 39 21 altered mafic rock
phyllite
gc287b  greenish-gray s  MPR-140-41' 58 6 3 134 39 21  altered basalt
muscovite phyllite
gc287c  tan muscovite dolomite s  MPR-1166-168' 58 6 3 134 39 21  altered basalt
phyllite
gc288a  gray-tan muscovite s  PS25198-199' 58 4 42 134 37 13 altered basalt
dolomite phyllite
gc288b  gray-tan muscovite s PS25223-224 58 4 42 134 37 13 altered basalt
dolomite phyllite
gc288c  gray musc phyllite s PS-2546-47 58 4 42 134 37 13 altered basalt
gc288d  gray musc phyllite s PS25129-130 58 4 42 134 37 13 altered basalt
gc288¢  gray-tan phyllite s PS25274-275% 58 4 42 134 37 13 altered basalt
gc288f  pyrite muscovite phyl q PS25372-374 58 4 42 134 37 13 silicified rock
gc289a  tan muscovite phyllite s  PS-520-25' 58 4 42 134 37 13 altered basalt
gc289b  muscovite phyllite s PS-5135-139 58 4 42 134 37 13 altered basalt
gc289¢c  gray-tan phyllite s  PS-5295-300' 58 4 42 134 37 13 altered basalt
gc289d  graphitic phyllite r PS-580-81 58 4 42 134 37 13 C-rich sediment
gc289%  gray-tan phyllite s  PS-585-86' 58 4 42 134 37 13 altered basalt
gc289f  gray-tan phyllite s  PS-5558-560' 58 4 42 134 37 13 altered basalt
gc289g  breccia x  PS-5440-442 58 4 42 134 37 13 silicified breccia
gc28%h  greenish-gray s  PS-5631-635 58 4 42 134 37 13 altered basalt
muscovite phyllite
gc289i  breccia x  PS-5366-369' 58 4 42 134 37 13 silicified breccia
gc289j gray siliceous phyllite q PS-5696-698' 58 4 42 134 37 13 silicified rock
gc290a  gray muscovite phyllite s  GC-139955-957' 58 4 27 134 37 2 altered basalt
gc291a  serpentinite p PS-83 978-980 58 4 23 134 38 51  ultramafic rock
gc293a  greenish-tan phyllite s  GC-1132-34 58 4 48 134 37 23 altered basalt
2c293b  chlorite phyllite ¢ GC-1189-90 58 4 48 134 37 23  basalt
ge293d  grayish-tan phyllite s GC-11240-242 58 4 48 134 37 23 altered basalt
gc294a  greenish-tan phyllite s GC-67 8-10' 58 4 36 134 37 9  altered basalt
gc294b  gray musc phyllite s GC-67 78-80' 58 4 36 134 37 9  altered basalt
gc294c  tan-gray phyllite s GC-67 101-102 58 4 36 134 37 9 altered basalt
gc294d  dark-gray phyllite s  GC-67 156-157 58 4 36 134 37 9  altered basalt
RN116a massive greenstone g - 56 34 32 133 3 19 -
RNI116d  pyritic greenschist a - 56 34 32 133 3 19 -
RNI116g tuffaceous greenschist t - 56 34 32 133 3 19 -
RN118a  massive greenstone g - 56 34 25 133 3 10 -
RN118b  masssive greenstone g - 56 34 25 133 3 10 -
RN118d  cherty ironstone - - 56 34 25 133 3 10 -
RN119¢c tuffaceous greenschist t - 56 34 27 133 3 0o -
RN120a diabase(?) g - 56 34 23 133 2 55 -
RNi12la amygdaloidal grnst g - 56 34 25 133 3 30 -
RN123a  tuffaceous greenschist t - 56 34 19 133 3 19 -

phyllites, and gabbros; with non-igneous protoliths for the sedi-
mentary rocks; and with a variety of apparent protoliths for the
muscovite phyllites (Newberry and Brew, 1997, their fig. 6b).

Major oxide compositions are plotted in terms of the three
components: alkalies Na,O + K,O (A), calcium oxide CaO (C),
and magnesium oxide MgO (F) (fig. 5). These plots help clarify
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Table 3. Major-oxide compositions for selected Greens Creek (gc) and Woewodski Island (RN) samples.

[Abbreviations in column "*" are explained in table 1.Abbreviations are used as symbols on some figures, and sample numbers are used in REE (rare-earth-element) plots. Almost all samples with LOI

greater than 10.0 have been removed from the complete data set (Newberry and Brew, 1997, their table 2) to make this selected set; the exceptions are samples that are plotted on the REE diagrams. Leader

(-) indicates not analyzed. LOL loss on ignition to 925°C; Tot, total of anhydrous oxide components; Sum, oxide total + S + CO; + H;0]

Sample * Si0, Al,03 Feo03 Fe0 Mg0 Ca0 Na,0 K90 Ti0, P,05 Mn0 Lot Tot S H,0 €O, Sum
no.

gc78b x 857 4.12 2.70 0.16 0.60 0.80 0.20 1.00 022 0.08 0.02 249 95.6 2.76 0.63 1.76 100.8
gc80d qg 57.1 8.74 3.60 4.76 4.90 2.32 0.65 1.64 0.32 0.16 0.17 10.60 844 47 1.03 10.6 100.7
gc80i q 604 6.41 0.10 9.10 5.40 0.46 0.65 0.74 0.24 0.08 0.19 12.17  83.8 5.68 1.08 9.74 100.3
2c80k s 3738 7.73 0.20 13.65 9.40 1.08 1.40 0.18 0.92 0.16 0.44 19.91 73.0 10.2 1.2 16 100.4
£c80m q 517 8.04 0.40 9.33 7.60 0.26 0.95 0.72 0.36 0.14 0.37 15.23 79.9 7.44 1.47 114 100.2
ge80pqg s 220 11.1 0.22 12.72 11.30 7.50 0.65 1.48 0.90 0.16 0.81 16.39  68.8 106 2.2 18.9 100.5
gc8la r 636 12.8 0.60 4.11 2.50 1.24 1.10 2.36 0.50 0.20 0.08 7.05 89.1 4.26 1.79 5.25 100.4
gc82a c 474 14.0 3.20 7.39 10.90 8.08 2.30 0.92 1.22 0.12 0.26 3.14 95.8 0.01 3.64 0.08 99.5
gc82¢ q 693 10.7 1.30 5.26 5.80 0.22 0.70 1.74 0.44 0.16 0.18 3.55 95.8 032 3.68 0.1 99.9
gc83b q 763 5.60 0.80 4.00 4.90 1.50 0.20 0.44 0.28 0.32 0.19 3.50 94.5 1.35 2.6 1.91 100.4
gc83c s 456 13.8 2.80 11.70 11.50  0.76 1.24 0.24 1.40 0.44 0.36 7.32 89.8 3.76 6.45 0.26 100.3
gc84b g 512 13.4 1.50 7.55 9.80 7.40 4.30 0.12 0.86 0.12 0.26 2.47 96.5 0.01 335 0.01 99.9
gc84c m 4438 19.6 0.86 7.23 1390 046 5.20 0.70 0.10 0.04 0.25 6.24 93.1 0.32 5.91 0.21 99.6
gc85b c 478 17.4 2.40 8.06 8.00 3.30 5.00 0.84 0.94 0.44 0.13 4.00 94.3 0.01 4.36 0.51 99.2
gc89a h 562 14.8 1.90 4.40 3.40 2.54 1.90 3.04 0.82 0.34 0.14 5.50 89.5 22 2.9 5.83 100.4
£gc90a h 829 6.08 0.25 2.11 2.60 0.48 0.55 1.14 0.22 0.06 1.80 1.65 98.2 0.01 1.7 0.65 100.6
gc93a x  63.9 8.91 0.06 3.15 0.55 5.24 0.20 2.36 0.39 3.76 0.03 6.25 88.6 535 1.25 4.9 100.1
gc94b m 44.8 203 0.26 6.00 13.60 1.88 2.60 1.40 0.24 0.02 0.08 7.67 91.2 0.01 6.96 1.86 100.0
gc95a r 680 14.1 1.50 3.73 2.10 0.44 4.50 1.08 0.60 0.30 0.10 2.49 96.5 0.17 1.78 2.4 100.8
gelola g 454 21.6 1.02 2.21 8.60 11.5 3.80 0.03 0.08 0.01 0.05 5.46 94.3 0.01 5.18 0.2 99.7
gcl02a g 445 21.1 0.50 3.72 10.10 10.3 3.10 0.60 0.10 0.01 0.07 5.68 94.1 0.01 5.51 0.17 99.8
gcl03a g 445 19.4 0.70 3.03 9.70 14.9 2.50 0.03 0.14 0.01 0.09 512 95.0 0.01 4.71 0.14 99.9
gcl2lb s 532 11.0 1.55 7.62 16.6 0.56 0.10 0.01 0.56 0.03 0.22 735 91.5 - 6.76 0.94 99.2
gcl22a ¢ 489 10.1 1.92 6.98 12.9 9.7 0.69 2.86 1.28 0.25 0.19 2.91 95.8 - 3.25 0.84 99.9
gcl22b k663 17.7 0.53 2.07 1.02 1.1 7.57 1.68 0.13 0.03 0.09 1.57 98.2 - 0.89 0.74 99.9
gel22d k67 17.9 0.84 1.34 0.54 1.7 7.00 1.81 0.13 0.02 0.06 1.16 98.3 - 0.71 0.6 99.7
gcl22e g 444 8.59 1.95 7.02 13.5 16.4 0.43 0.44 1.24 0.06 0.19 4.75 94.2 - 2.84 3.05 100.1
gel22f ¢ 435 10.6 2.08 8.49 10.7 12.9 1.14 1.58 1.49 0.2 0.2 5.98 92.9 - 3.06 3.34 99.3
gc284f h  69.1 14.0 1.95 2.65 1.43 0.47 2.92 2.41 0.50 0.16 0.06 4.201 99.85 - - - -
gc285b  h 83.6 3.65 1.90 1.33 1.47 3.08 0.22 0.52 0.17 0.03 0.01 4,251 1002 - - - -
ge286a g 324 12.4 2.20 20.0 8.89 13.10 037 0.18 1.92 2.12 0.29 4.411 99.18 - - - -
gc286b ¢ 453 153 2.10 8.75 8.41 6.12 0.89 2.54 1.33 0.19 0.20 8.63! 99.76 - - - -
gc286c g 458 5.97 2.60 481 13.30 1980 0.53 0.97 0.72 0.16 0.14 5.19! 99.99 - - - -
ge286d ¢ 482 14.5 3.40 10.8 7.97 5.52 2.90 0.01 1.99 0.21 0.22 391! 99.63 - - - -
gc287b s 479 16.1 3.30 8.60 5.74 3.01 2.30 3.06 1.00 0.50 0.52 6.941 98.97 - - - -
gc287¢c s 479 13.0 6.30 5.14 4.05 3.00 1.63 3.12 0.81 0.42 0.45 9.631 95.45 - - - -
gc288f q 709 7.09 0.10 9.30 1.07 1.19 0.01 2.12 0.29 0.12 0.03 6.22! 98.44 - - - -
gc289f s 4938 15.5 2.60 7.00 8.21 2.51 1.96 2.00 1.63 0.17 0.47 6.981 98.83 - - - -
2c289j q 743 10.1 0.20 3.20 3.66 0.52 1.23 244 0.26 0.06 0.15 2.931 99.05 - - - -
gc290a s 358 16.2 1.00 10.4 16.80 2.15 0.10 0.20 1.45 0.02 0.33 9.16! 93.61 - - - -
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Table 3. Major-oxide compasitions for selected Greens Creek (gc) and Woewodski Island (RN) samples— Continued.

Sample  * Si0, Al,05 Fe,03 FeO MgO Ca0 Na,0 K50 Ti0, Py0g Mn0O Lot Tot H,0 Co, Sum
no.

gc293a s 47.8 13.1 1.30 12.4 1040 222 0.92 1.03 168 0.3 046 6761 9838 -
2c293b ¢ 466 12.6 230 9.64 9.43 425 0.73 140 169  0.17 039  9.631  98.83 -
gc294a s 462 14.8 0.60 15.1 9.20 0.37 1.21 .50  1.28  0.16 0.29 8.541 9925 -
gc294b s 453 10.8 2.00 8.60 1020 594 1.67 035 128 0.19 0.67 9.081  96.08 -
gc2%4c s 441 12.3 2.50 9.30 10.00  5.00 2.16 025 157 019 0.59 8.451  96.41 -
RN116a g 43.6 13.2 11.62 - 6.1 8.95 2.32 1.83 146  0.14 0.22 7.91 - 97.3
RN116d a 476 13.7 14.52 - 2.23 2.64 0.15 215 191 0.17 0.69 129! - 98.6
RNil6g t 453 15.7 10.42 - 3.32 5.35 0.15 122 1.93 0.17 0.23 1541 . 99.2
RN118a g 427 15.0 13.72 - 6.85 10.4 1.66 0.57 185 0.16 021 63! - 99.4
RN118 g 51.1 144 9.382 - 7.18 7.54 4.04 0.64 049  0.09 0.16  4.8! - 99.8
RN118d - 333 7.33 30.92 - 1.49 1.39 0.1 001 089  0.06 5.26 1920 - 99.9
RNI19¢ t 454 16.9 14.82 - 2.33 1.11 0.1 261 126 032 1.13 1321 - 99.2
RN120a g 474 14.5 11.62 - 7.26 10.3 3.1 0.65 136  0.11 0.19 3.8! - 100.3
RNI2la g 449 14.3 10.72 - 6.75 11.1 2.85 .13 125 011 0.16 49! - 98.1
RN123a t 477 14.3 13.22 - 3.0 3.2 0.1 139 139 0.13 0.46 1421 - 99.1

1 Total is sum of anhydrous oxide components + LOL

2 Total iron as Fe;03.




Table 4. Trace-element concentrations (in parts per million) of selected samples from Greens Creek (gc) and Woewodski
Island (RN) by wavelength-dispersive X-ray fluorescence analysis.

[Abbreviations in column "*" are explained in table 1. Abbreviations are used as symbols on some figures, and sample numbers are used in REE (rare-earth-
element) plots. Leader (-) indicates not analyzed]

Sample no. * Nb Rb Sr Zr Y Ni Cr Ba Ce La Cu Zn
gc78b X <10 12 14 34 10 25 48 5000 34 58 10 820
gc80d q <10 20 46 92 16 12 11 780 28 10 10 90
2c80i q <10 5 24 44 <10 20 14 560 10 10 10 100
gc80k s <10 5 74 58 <10 46 91 680 29 10 10 320
gc80m q <10 5 60 58 10 28 68 2550 46 30 10 120

gc80pq S <10 28 215 76 46 50 129 5000 34 82 68 1500
gc8la r 14 34 76 122 24 10 12 3450 48 48 10 40
gc82a c <10 5 112 68 20 88 355 830 34 24 24 455
ge82¢c q <10 20 5 68 12 15 24 1100 44 10 10 100
gc83b q <10 5 36 38 <10 14 29 435 34 10 10 66
gc83c s <10 5 16 82 18 46 94 355 30 10 10 196
gc84b g 14 5 285 82 16 234 610 205 22 10 24 100
gc84c m <10 5 5 16 <10 380 345 840 24 24 130 1500
gc85b c 14 5 325 52 18 63 134 210 54 26 70 98
gc89a h 16 74 60 140 32 22 28 3350 48 44 82 315
gc90a h <10 14 22 48 <10 30 14 1100 40 24 24 66
gc93a X 14 46 136 62 44 102 355 2850 50 36 26 96
gc94a m <10 5 78 10 <10 2500 4150 48 26 22 188 36
gc94b m <10 20 36 14 <10 300 920 1850 20 10 48 36
gc95a r 12 12 16 104 18 12 17 590 42 10 54 90
gclOla g <10 5 24 12 <10 240 980 118 64 22 10 10
gcl02a g <10 5 24 10 <10 260 620 225 30 10 10 32
gcl03a g <10 5 5 <10 <10 250 1600 68 24 10 10 24
gcl21b s <10 5 42 60 10 410 750 34 <30 <30 5 690
gel22a c 10 68 142 50 18 100 830 1900 <30 <30 5 130
gel22b k 16 56 160 120 12 <10 10 1700 40 <30 34 56
gel22d k 12 62 790 118 10 <105 10 1400 <30 <30 26 52
gcl22e g <10 12 560 68 16 130 500 400 <30 <30 88 70
gcl22f c <10 42 540 66 19 72 330 1600 <30 <30 72 68
gc284b h 10 14 126 74 26 11 124 - - - - -
gc284c s <10 22 60 78 16 98 114 - - - - -
gc284d S <10 20 86 82 20 72 104 - - - - -
gc284e c 12 54 90 104 32 90 142 - - - - -
gc284f h 16 42 30 110 26 10 30 - - - - -
gc285a m 16 34 166 62 12 600 1650 - - - - -
2c285b h 12 16 54 50 16 10 54 - - - - -
gc285g m 12 88 70 28 12 405 530 - - - - -
gc286a g <10 5 620 46 10 60 92 - - - - -
gc286b c 18 56 72 88 30 92 365 - - - - -
gc286¢ g 16 30 255 34 14 88 250 - - - - -
gc286d c 22 5 150 126 48 76 140 - - - - -
gc286e p 10 5 12 16 <10 2150 2600 - - - - -
gc286f c 20 20 122 98 24 325 980 - - - - -
gc287a m 14 38 130 24 10 530 1450 - - - - -
gc287b S 10 50 270 92 30 45 132 - - - - -
gc287c S 18 54 265 86 28 50 246 - - - - -
gc288a 5 16 42 26 98 32 50 108 - - - - -
gc288b S 16 38 18 40 18 106 330 - - - - -
gc288c s 18 34 34 142 34 44 134 - - - - -
gc288d S 14 16 230 38 18 150 780 - - - - -
gc288e s 20 34 134 58 38 116 650 - - - - -
the nature of the rock protoliths. The rocks with sedimentary and carbonate rocks. Some of the rocks of apparent mafic-
protoliths (stratigraphic hanging-wall argillite, “h;” and strati- ultramafic parentage (“g,” “c”) plot in fields appropriate to
graphic footwall graphitic phyllite, “r”") plot with argillaceous basaltic rocks (fig. 5); however, the majority do not. If the
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Table 4. Trace-element concentrations (in parts per million) of selected samples from Greens Creek (gc) and Woewodski

Island (RN) by wavelength-dispersive X-ray fluorescence analysis—Continued.

Sample no. * Nb Rb Sr Zr Y Ni Cr Ba Ce La Cu Zn
gc288f q 12 14 42 54 18 11 40 - - - - -
gc289a s 14 18 106 66 28 98 194 - - - - -
2c289b S 14 28 186 82 22 50 66 - - - - -
gc289c¢ s 16 16 128 96 66 38 150 - - - - -
£c289d r 18 40 86 76 30 26 18 - - - - -
2c289%¢ s 15 48 132 52 42 164 850 - - - - -
g2c289f S 20 34 46 104 32 54 205 - - - - -
2c289g X 10 5 190 44 34 146 340 - - - - -
2c28%h s 18 18 148 100 32 56 205 - - - - -
£c289i X 14 18 160 58 32 46 176 - - - - -
2c289j q <10 62 24 100 <10 10 24 - - - - -
gc290a S 28 135 102 280 30 126 176 - - - - -
gc291a P <10 5 40 12 <10 2100 1350 - - - - -
gc293a s 18 24 38 82 50 50 62 - - - - -
£c293b c 14 24 74 108 32 58 158 - - - - -
gc293d s 12 40 24 80 32 32 64 - - - - -
gc2%4a s 18 24 20 84 38 64 320 - - - - -
gc294b s 14 5 92 90 34 38 98 - - - - -
gc294c S 20 5 96 106 42 46 146 - - - - -
gc294d S 21 5 20 86 26 240 630 - - - - -

RN116a g 14 32 144 94 26 - - - - - - -
RNI116d a 12 46 44 124 33 - - - - - - -

RNl1l6g t 17 24 73 114 28 - - - - - - -

RN118a g 12 12 225 114 28 - - - - - - -
RN118b g 8 15 184 52 18 - - - - - - -
RN118d - 12 8 15 53 18 - - - - - - -
RN119c¢ t 13 44 57 88 24 - - - - - - -
RN120a g 12 20 270 87 27 - - - - - - -
RN121a g 10 23 180 74 20 - - - - - - -
RN123a t 14 24 44 88 25 - - - - - - -

Argillaceous
sedimentary
rocks

Carbonate
rocks

Ultramafic rocks

phyllites were originally unaltered sedimentary rocks, then they
would have most likely been graywackes. However, less than a
third of the analyses plot in the field of typical graywackes (fig.
5). One possible explanation is that the phyllites were derived
from mafic rocks (including possibly mafic tuffs) that experi-
enced various degrees of Na,O (fig. 4), and especially CaO, loss
during hydrothermal alteration.

Figure5. Major-element compositions of rocks from the Greens Creek
deposit and vicinity rocks on the ACF diagram (alkalies Na,0 + K,0 (A),
calcium oxide Ca0 (C), and magnesium oxide MgO0 (F); after Winkler,
1979), showing compositional relationships among rock types. Sample/
rock type symbaols are as follows: Hanging-wall rocks: h, hanging-wall
argillite; Footwall rocks: r, graphitic phyllite; g, pyritic muscovite quartz
phyllite; ¢, chloritic phyllite and greenstones; s, muscavite phyllite; m,
mariposite rock; x, siliceous breccia; g, gabbro; p, serpentine. Other: k,
felsic sill. Note that stratigraphic hanging-wall rocks fall in weil-defined
fields of sedimentary rocks, whereas stratigraphic footwall rocks do not.
Field boundaries from Winkler (1979).

of Cr and Ni in the graphitic phyllites (*

Trace-element compositions most clearly suggest the
mafic-ultramafic parentage for most of the Greens Creek strati-
graphic footwall phyllites (“‘s,” “c”). Notably, all these
stratigraphic footwall rocks, (except the stratigraphic footwall
graphitic (“1”") and siliceous-pyritic (“q”) phyllites) contain
higher concentrations of Cr and Ni than do the rocks of
sedimentary parentage (fig. 6). We interpret the low abundance

3

r”’) and in the local sili-

ceous-pyritic phyllite (“q”) unit as due to sedimentary parent-
age and extreme degree of hydrothermal leaching, respectively.
Mariposite-bearing phyllites (“m”), serpentinites (“p”), and
gabbroic-appearing (“g”) rocks show concentrations appropri-
ate to ultramafic rocks; chloritic phyllites and greenstones
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Table 5. Trace-element concentrations (in parts per million) for Greens Creek samples by neutron activation analysis.

[Abbreviations in column "*" are explained in table 1. Abbreviations are used as symbols on some figures, and sample numbers are used in REE (rare-earth-

element) plots]

Sample * Ba Sr Co Ni Cr Cs Hf Rb Sh Ta Th U
no.
gc78b X 4570 431 7.37 27.9 48.6 093 084 262 152  0.158 .03 097
gc80d q 707 35 12.8 12.8 11.7 12 239 317 1.31 0.157  2.06 1.35
£c80i q 515 49 18.5 23.7 15.6 0.78 1.09 15.4 1.8 0.126 1.14  0.58
gc80k S 561 959 242 53.1 90.9 0.59 1.39 4.7 694 0204 0.44 0.7
gc80m q 2400 67.6 12.8 44.8 110 1.08 1.49 14.2 1.6 0.258 205 0.79
gc80pq S 8760 171 214 63.1 111 1.9 1.66 335 734 0272 1.13 1.13
gc8la r 3530 68.4 10.2 6.42 14.5 2,18 336 445 201 0.239  2.69 1.63
gc82a c 704 213 34 753 276 029 1.83 16.8 1.08 0257 024 0.09
gc82¢ q 1060 6 13.1 25.2 259 0.69 1.9 355 0.69 0268 237 0.87
£c83b q 404 592 991 26.7 29.1 027 097 9.08 056 0.146 1.32 1.76
gc83c S 295 7 345 40.7 94.1 0.18 235 7.29 1.22 0.338 0.85 0.74
gc84b g 155 346 38.6 241 550 007 204 657 289 0417 1.04 0.43
gc84c m 794 3 37.8 379 272 045 022 15.2 1.16 0.072 0.21 0.08
gc85b c 176 330 24 61.5 109 026 3.21 145 049 0.727 3.41 148
gc89%a h 3230 75 8.1 23.5 57.5 441 3.14 798 1.3 0.613 433 4.29
gc90a h 1020 22 12.4 37 14.5 1.21 139 244 062 0.255 1.96 0.77
gc93a X 2490 169 15.9 134 235 3.72 1.62 498 21.6 0307 249 473
gc94a m 5.9 5 145 3550 2790 0.08 0.06 1.92 1.36 0.01 0.44  0.09
gc9gcdb  m 1910 57 41 306 796 24 024 348 052 0.009 0.11 0.16
gc95a r 492 10 14 14.4 16.5 1.18  3.04 19.7 048 0369 2.69 1.21
gclOla g 58 8 25.4 186 1010  0.05  0.07 1.3 0.82 0.004 002 0.04
gcl02a g 165 24 36.7 252 767 024 0.13 12 037 0.014 004 0.12
103a g 352 4 29.9 229 1760 0.1 0.18 2.02 1.29 0.005 005 0.02
10000 concentrations for the bulk of stratigraphic footwall rocks
s Ultramafic and altered < contrasts sharply with the lack of a correlation between Ni and
Q . ~=7 "M . . .
s! ultramafic rocks -~ b} Cr in the metasedimentary rocks; we interpret both the abso-
Z=> - " ) lute concentrations and element correlations to indicate that the
.% e 1,000+  Jgm 4 bulk of footwall rocks were mafic volcanic rocks and not
?5 g : s §:/; g0 ; 7 sediments derived from such rocks.
E)z_‘ it // s O gx Nomes - Because standard igenous rock chemical classification
go J XSS . X7 schemes are based on the mobile elements Na,O, K,O, and
; < b / S&Scc / Basaltic and altered CaOQ, and because these elements are tremendously mobile in
ST t0pN /s ®gs S basaltic rocks VMS environments (Date and others, 1983), chemical classifi-
s Z 3 M (qs s composition e V1 . I ;
9 AN cation is more reliably based on “immobile” elements (Win-
5 % h\\q__ Sedimentary and chester and Floyd, 1977). These elements, which include Ti, Zr,
r AN highly altered rocks Y, Nb, and the rare earth elements, are much less susceptible to
mmﬂ N T S e chemical transport during hydrothermal alteration than most

NICKEL CONCENTRATION (LOG),
IN PARTS PER MILLION

Figure 6. Niversus Crfor rocks of the Greens Creek deposit and
vicinity. Analyses by wavelength-dispersive X-ray fluorescence
method. Sample/rock type symbols plotted are as foliows: Hang-
ing-wall rocks: h, hanging-wall calcareous argillite; footwall
rocks: r, graphitic phyllite; g, quartzitic phyllite; c, chloritic phyllite/
greenstone; s, muscovite chlorite phyllite; m, mariposite rock; x,
siliceous breccia; g, gabbro; p, serpentine. Other: k, felsic sill. Field
boundaries are based on data in BVSP {1981).

(TP

(“c”), and muscovite phyllites (s,” i.e., non-graphitic
stratigraphic footwall rocks) have Cr-Ni ratios appropriate to
basaltic rocks (fig. 6). The positive correlation of Ni and Cr

major elements. Furthermore, we consider elemental ratios
more reliable than elemental concentrations in most cases,
because immobile-element ratios remain constant despite loss
of mobile components or addition of new components (e.g.,
water, carbonate, sulfide). A SiO, vs. Zr/ TiO, diagram (fig. 7A)
shows that, with the exception of graphitic (“1r”") and siliceous
(“q”) phyllites, all the stratigraphic footwall rocks at Greens
Creek have compositions consistent with basalt and andesite.
The bulk of the footwall phyllites plot in a field defined as sub-
alkalic basalt (fig. 7A).

Concentration of Si0O, is used in most igneous-rock classi-
fication schemes, but silica is clearly a mobile constituent in
VMS deposits (Date and others, 1983) and at Greens Creek in
particular. Abundant quartz veining in stratigraphic footwall
rocks indicates that silica concentrations, which are in the range
for andesite to rhyolite (fig. 7A) may be of secondary origin.
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Table 5. Trace-element concentrations (in parts per million) for Greens Creek samples by neutron activation analysis—Continued.

Sample Zn Zr Sc La Ce Nd Sm Eu Gd Tb Tm Yh Lu
no.

gc78b 782 243 8.01 7.21 14.8 8.65 1.95 0.73 1.77 0.26 0.17 1.08 0.15
gc80d 89.3 85.2 11.6 9.44 21.1 12 2.98 0.62 3.17 0.52 0.35 2.25 0.35
gc80i 88.8 36.2 9.77 1.63 3.52 2.27 0.72 0.13 0.92 0.17 0.16 1.02 0.16
gc80k 303 43 219 1.93 5.8 4 099 0.16 0.9 0.12 0.11 0.67 0.14
gc80m 104 66 11.9 13 275 14.8 2.67 0.37 2.18 0.3 0.21 1.39 0.22
gc80pq 2260 924 26.7 8.22 174 979 2.83 0.79 3.63 0.63 0.41 2.63 0.38
gc8la 39.1 136 14.6 13.6 30.3 17 419 0.85 4.7 0.72 0.48 3.03 0.46
gc82a 303 100 40 6.18 14.6 9.42 3.22 1.19 432 0.77 0.48 3.04 0.43
gc82¢ 83.6 82.3 13.9 94 23.3 11.8 2,98 0.5 3.18 0.49 0.32 2.03 0.31
gc83b 105 50.4 8.7 7.78 16.4 9.56 2.23 037 226 0.34 0.2 1.3 0.2
gc83c 180 121 33.9 7.11 17.2 11.7 3.56 0.69 4.38 0.73 0.43 2.74 0.39
gc84b 107 77.6 353 7.38 18.2 12.2 3.38 1.05 372 0.58 0.3 1.73 0.26
gc84c 7350 17 6.92 1.51 3.44 1.81 0.47 0.21 0.49 0.07 0.05 0.23 0.04
gc85b 7.7 125 26.4 194 442 20.8 4.46 1.2 3.87 0.6l 0.37 2.34 0.36
gc89%a 253 132 21.9 19.5 39.8 22.1 4.86 1.23 4.92 0.8 0.46 2.93 0.42
gc90a 51.8 56.3 7.89 11.1 19.5 12.3 2.7 0.55 2.64 0.36 0.23 1.5 0.25
gc93a 112 64.7 16.2 15.3 26.8 17.5 4.36 1.53 5.12 0.88 0.61 3.95 0.59
gc94a 21.2 5.5 7.96 0.15 0.48 0.28 0.09 0.03 0.12 0.02 0.02 0.14 0.02
gc9gcdb 452 8.3 42.1 0.74 1.4 0.96 0.35 0.1 0.52 0.1 0.07 0.43 0.07
gc95a 71.8 122 13.2 9.93 22.3 12.7 3 0.79 3.19  0.56 0.4 271 0.41
gclOla 14 8.6 17.7 029 0.76 0.61 0.21 0.18 0.29 0.06 0.03 0.19 0.03
gcl02a 314 4.8 12.5 0.58 1.4 0.98 0.32 0.23 0.41 0.07 0.04 0.26 0.04
103a 87.2 7 25 0.5 1.71 1.33 045 0.28 0.6 0.1 0.06 0.43 0.06

Table 6. Pb isotopic data for galenas from Triassic and Cretaceous VMS prospects of

southeastern Alaska.

[Lat, latitude; Long, longitude]

Name Host age Location 206pp/204ppy  207py204py  208pp 204py,
Lat{N.)  Long(W.)
Greens Creek Triassic 58°4’ 134°37 18.635 15.5828 38.239
Woewodski Triassic 56°34 133°3’ 18.672 15.559 37.954
Fremming Cretaceous 58°52° 135°5 18.404 15.466 37.708
Alaska Treasure Cretaceous 58°15 134°43’ 18.425 15.497 37.924
Alaska Treasure Cretaceous 58°15’ 134°43’ 18.412 15.475 37.692

Classification based entirely on immobile element ratios (fig.
7B) indicates that, by such a scheme, none of the stratigraphic
footwall rocks have protoliths more felsic than andesite or tra-
chyandesite. Unfortunately, several of the samples of footwall
phyllite (“1r,” “q,” “c,” “s”) contained Y or Nb below lower detec-
tion limits (table 4), so they could not be plotted. However, all
these same samples contained Zr/ TiO, ratios below 0.03 (fig.
7A), indicating a possible dacite or rhyodacite, but not rhyolite,
parentage. Because most of the samples have immobile element
ratios compatible with basalt, it suggests that their protoliths
were basaltic (e.g., the rocks we have continued to call by their
field names “graphitic phyllite” (“r”’) and even stratigraphic
hanging-wall “black argillite” (h)). This is clearly a difficult
interpretation and one that has bothered us throughout this
study. Either these rocks had unusual sedimentary parents or
they have been chemically and mechanically modified to the
point that their original protoliths are undecipherable. The

quartzose phyllites (“q”) are equally problematic—they have
experienced such intense hydrothermal alteration that it is
unclear whether they represent silicified mafic rocks or silicified
sediments—but, in any case, they definitely lack the immobile-
trace-element characteristics of felsic volcanic rocks (fig. 7).
Immobile trace elements are also employed in characteriza-
tion of the tectonic environment of basaltic rocks. The Zr-Ti-Y
diagram (fig. 8) of Pearce and Cann (1973) yields ambiguous
results with these rocks: the least altered mafic rocks (green-
stone and chloritic phyllite) plot in a field (“B”’) compatible with
calc-alkalic arc, tholeiitic arc, or mid-ocean-ridge basalt
(MORB). Notably, the majority of the least altered rocks plot
outside of the field of “within plate” (extensional setting) basalt.
A non-extensional setting is also compatible with the absence of
felsic volcanic rocks in the stratigraphic sequence. Composition-
ally bimodal felsic plus mafic suites are characteristic of exten-
sional settings, as in the Ambler VMS district of the central
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Figure 7. Trace-element characteristics of rocks from the
Greens Creek deposit and vicinity. Analyses by wavelength-dis-
persive X-ray fluorescence method. Sample/rock type symbols
plotted are as follows: Hanging-wall rocks: h, hanging-wall
argillite; Footwall rocks: r, graphitic phyllite; g, quartzitic phyllite;
¢, chloritic phyllite/greenstone; s, muscovite-chlorite phyllite; m,
mariposite rock; x, siliceous breccia; g, gabbro. Other: k, felsic
sill. A, Si0, plotted (calculated on an LOI-free basis) vs. Zr/ Ti0,
diagram of Winchester and Floyd (1977). B, Zr/ Ti0, plotted vs.
Nb/Y on the diagram of Winchester and Floyd (1977).

Brooks Range and the Bonnifield VMS district of the central
Alaska Range (Gilbert and Bundtzen, 1979; Schmidt, 1988;
Newberry and others, 1997). Sericitic phyllites (“s”) have com-
positions that plot in and around the least altered mafic rocks
(“c”), which lie in the MORB field (fig. 8) . Such an association
is consistent with a greater degree of hydrothermal alteration of
the sericitic phyllites (e.g., fig. 4) and the fact that even the most
immobile elements exhibit some mobility during extreme hydro-
thermal alteration (Winchester and Floyd, 1977).

Rare earth element (REE) concentrations are also employed
to assess basalt tectonic environments. Existing REE data (Davis
and Plafker, 1980; Maclntyre, 1986; McClelland and others,
1991; Gehrels and Barker, 1993) for well-characterized mafic
metavolcanic rocks of northern southeastern Alaska show that
units of different ages have contrasting patterns (fig. 9). In par-
ticular, the known Triassic basalts are different from MORB in
that they lack light-REE depletion (fig. 9) but are different from

Ti/100

BASALT TYPES
LOW-K THOLEITE = A+B
MORB =B
CALC-ALKALIC = B+C
WITHIN-PLATE = D

Zr Y*3

Figure 8. Basalt tectonic environment diagram of Pearce and
Cann (1973) with data from those Greens Creek samples that exhibit
Ni-Cr compositional evidence (fig. 6) for a basaltic protolith. Sam-
ple/rock type symbols plotted are as follows: Footwall rocks: c,
chloritic phyllite/greenstone; s, muscovite chlorite phyllite; m, mari-
posite rock; g, gabbro. MORB, mid-ocean-ridge basalt. Increased
scatter of muscovite-chlorite phyllite data is most likely due to slight
trace element mobility during hydrothermal alteration.
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Figure 9. Chondrite-normalized average REE plots for basaltic
rocks of northern southeastern Alaska compared to typical mid-
ocean-ridge basalt (MORB). Data for Alaskan rocks from Davis
and Plafker (1980), Maclntyre (1986), McClelland and others
(1991), and Gehrels and Barker (1993). Average MORB from BVSP
(1981).

older and younger basalts in generally lacking light-REE
enrichment. Within-plate (extensional) basalts invariably dis-
play light-REE enrichment, and arc-related basalts commonly
exhibit relatively flat patterns (Henderson, 1984), like those
exhibited by the Triassic basalts of southeastern Alaska. A.B.
Ford and D.A. Brew (written commun., 1998) suggest that most
of the compositional features of the Triassic basalts, including
REE concentrations, are like those of flood basalts.
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Figure 10. A, B, C, and D. Chondrite-normalized REE plots for rocks from the Greens Creek depaosit and vicinity. Numbers (93a, for exam-
ple} are abbreviated from the complete sample numbers shown in table 5. Line abbreviations: grnstone, greenstone; chl phyllite, chlorite
phyllite; musc phyllite. muscovite phyllite; alt'd gabbro, altered gabbro; qtz phyllite, quartz phyllite; blk phyllite, black phyllite; anorth-gb,

anorthitic gabbro. Sample 85b is plotted on all four diagrams as a reference line.

The pattern of REE concentration data in rocks from the
Greens-Creek-area rocks most closely resembles that of typi-
cal southeastern Alaska Triassic basalts (fig. 10), even though
the range of concentrations differs. Most of the rocks identi-
fied by other trace and major elements as having mafic pro-
toliths (“c”), such as sample 85b, exhibit relatively flat to
slightly light REE-enriched patterns (fig. 10A). Rocks identi-
fied as having gabbroic parentage (“g”) and mariposite-rich
phyllites (“m”, altered ultramafic rocks?) also exhibit flat pat-
terns but with low REE abundances or positive Eu anomalies
(figs. 10B, 10C) that are characteristic of mafic-ultramafic
cumulate rocks (Henderson, 1984). The two breccia samples
analyzed for REE's exhibit flat patterns similar to Triassic
basalt (figs. 104, 10B), suggesting that these two samples are

also of basaltic parentage. Finally, all the other rocks ana-
lyzed—including graphitic (sedimentary protolith) rocks from
both hanging wall and footwall—have patterns almost identi-
cal to the mafic or ultramafic protolith rocks, except that they
display distinctly low relative Eu concentrations (fig. 10). In
igneous rocks, Eu is present largely in feldspar, whereas the
other (smaller) REE's are present largely in minor minerals
(e.g., apatite). Feldspars are destroyed—and their Eu
released—during both extreme hydrothermal alteration and
normal weathering. Consequently, an interpretation of the REE
patterns compatible with other trace- and major-element data is
that the rocks surrounding the Greens Creek deposit have
mafic/ultramafic protoliths. Further, the graphitic rocks are
metasedimentary rocks derived from weathering of mafic
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Figure 11. Classification of metavolcanic rocks on Woewodski
Island using discrimination diagrams of Winchester and Floyd
(1977). Symbols are as follows: g, greenstone; a, argillite; t, tuf-
faceous greenschist. Si0, is plotted on a LOI-free basis. A, Clas-
sification based on immobile-element ratios; B, Classification
based on silica and Zr/Ti0,.

rocks, and silica-pyrite-rich rocks are extremely altered mafic
or sedimentary rocks. Most notably, all the rocks sampled lack
the heavy REE enrichment characteristic of felsic igneous
rocks.

Woewodski Island Metavolcanic Rocks—
Character and Contrast with other Triassic
Rocks, Including Those of the

Greens Creek Deposit

Metavolcanic rocks sampled from the vicinity of VMS
prospects on Woewodski island were identified in the field as
massive greenstone/diabase and as andesitic(?) tuff (table 2).
Major-element compositions (Newberry and Brew, 1997, their
fig. 15) are compatible with basaltic protoliths for the green-
stones and indicate that the tuffaceous rocks are either not
andesitic or are hydrothermally altered (table 3). In particu-
lar, the tuffaceous rocks exhibit very high LOI's (Newberry
and Brew, 1997, their fig. 15a) and very low Na,O (New-
berry and Brew, 1997, their fig. 15¢). These rocks therefore
may be very altered; nevertheless, the SiO, and MgO con-
tents are compatible with andesitic protoliths, but the TiO,
contents are more typical of basaltic rocks (Newberry and
Brew, 1997, their fig. 15).

Despite significant major-element compositional differ-
ences, immobile element ratios (fig. 11A) for the massive and
tuffaceous rocks are essentially identical and indicate basaltic
protoliths. Classification based on silica and Zr/ TiO, suggests
that the tuffaceous rocks are andesitic (fig. 11B). These
apparently contradictory classifications can be reconciled if the
tuffaceous rocks are recognized as strongly altered basaltic
tuffs, with addition of silica, losses in MgO and Na,O, and
large LOL.

Figure 12. Anhydrous weight percent
P,05 plotted vs. TiO, for metavolcanic
rocks of northern southeastern Alaska,
showing discrete compositional ranges for
rocks of different ages. Symbols are as fol-
lows: T, Wrangellia Triassic; W, Woewods-
ki Island; G, Greens Creek; H, Mt. Henry
Clay; P, Permian; K, Gravina belt. Metavol-
canic rocks from Woewodski Island (W)
clearly fall in the range defined by Triassic
basalts. Modified from Newberry and
others {1995) with data from Ford and Brew
(1993) and from this study.
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Figure 13. Basalt tectonic environment diagram of Pearce and
Cann (1973) compared to data from Woewodski Island metavol-

canic rocks and other metavolcanic rocks of northern southeast-

ern Alaska. Symbols are as follows: T, Wrangellia Triassic; W,
Woewodski Island; P, Permian; K, Gravina belt. Data from Davis
and Plafker (1980), McClelland and others {1991), Gehrels and
Barker (1993), and from this study.

Concentrations of the relatively immobile oxides P,0O5 and
TiO, suggest that the Woewodski Island metavolcanic rocks are
basaltic and similar to those of known rocks of Triassic age (fig.
12). Newberry and others (1995) showed that metavolcanic
rocks in northern southeastern Alaska could be distinguished
based on concentrations of these elements. Although Woewod-
ski Island lies near the contact between Alexander terrane and
the Gravina belt (fig. 1), and although the Woewodski metavol-
canic rocks are not as deformed or altered as those at Greens
Creek, we confidently group them together on the basis of their
chemistry, general lithologic similarity, and age.

Trace-element data also suggest similarities between the
rocks of the Greens Creek area and those on Woewodski
Island (fig. 13). Permian metabasalts and volcanic rocks of the
dominantly Cretaceous Gravina belt plot as “within-plate” and
calc-alkalic, respectively, whereas those of Woewodski Island
plot in field “B,” as do the least altered metabasaltic rocks
from Greens Creek (fig. 8). However, other Triassic basalts
from the Juneau-Haines area (Ford and Brew, 1993) contain
relatively lower Y concentrations and do not plot with Woe-
wodski Island data. It is unclear whether this apparent differ-
ence is statistically or geologically significant. The Juneau-
Haines-area basalts are from what is clearly Wrangellia
terrane (Ford and Brew, 1993) that has oceanic or transitional
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Figure 14. Common Pb isotopic data for galena from selected VMS deposits and prospects of Alaska
and adjacent parts of Canada. Dashed-line age boundaries and dotted-line Eskay Creek sample group
limit from Newberry and others (1997). Symbols are as follows: Y, Yukon-Tanana terrane (YTT); D,
Brooks Range; H, Mt. Henry Clay; P, Pyrola; G, Greens Creek; C, Windy-Craggy; D, Duncan Canal; W,
Woewaodski Island; J, Eskay Creek; K, Juneau area. Data from Godwin and others (1988), Gaccetta and
Church (1989), S.A. Church (written commun., 1996), Childe (1997), and from this study.
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crust as substrate to the Triassic basalts, whereas the volcanic
rocks on Woewodski and at Greens Creek are from what Ford
and Brew (1993) have tentatively interpreted to be Wrangellia-
terrane-equivalent rocks that were erupted through a signifi-
cant thickness of Alexander terrane crust.

Age of VMS Deposits in the Greens Creek—
Zarembo Island Belt

Berg and Grybeck (1980) and Berg (1981) inferred that the
VMS occurrences on Woewodski and Zarembo Islands were
Late Triassic, based on Late Triassic fossils associated with
VMS prospects nearby on Kupreanof Island. However, given the
absence of local radiometric or fossil evidence and the presence
of VMS prospects of other ages in southeastern Alaska (fig.1),
this inference remains untested.

Our compositional data for metavolcanic rocks of Woewod-
ski Island show them to be indistinguishable from Triassic basal-
tic rocks of the Greens Creek mine area. In addition, Pb isotopic
data (table 6; fig. 14) for galenas from VMS ores indicates that
the Woewodski Island VMS is most likely of Greens Creek age.
Newberry and others (1997) have shown that Alaskan VMS
deposits exhibit common Pb isotopic ratios that vary with age of
the deposit. Our data (table 6) indicate that Woewodski Island
and Greens Creek possess nearly identical common Pb isotopic
ratios, both of which fall into the range of data for Triassic-
Jurassic deposits of southeastern Alaska and nearby Canada.
Additionally, prospects in Cretaceous Gravina group rocks of the
Juneau area exhibit common Pb isotopic ratios that are signifi-
cantly different from those of the Triassic-Jurassic deposits.
Thus, it is almost certain that the VMS prospects on Woewodski
Island and elsewhere in the Duncan Canal area are of the same
age and origin as the Greens Creek deposit.

Conclusions

Major- and trace-element data for rocks at Greens Creek
and on Woewodski Island indicate the stratigraphic footwall
rocks have primarily basaltic and altered basaltic protoliths.
There is no evidence for significant associated felsic volcanism
at either area. Immobile-trace-element and rare-earth-element
data suggest that the basaltic rocks are of immature arc affinity
and do not represent an extensional environment. At Greens
Creek, most of the phyllitic rocks that were stratigraphically
beneath the ore are not of sedimentary parentage, and the
geologic environment was not likely to have been a spreading
center. Major- and minor-element and Pb isotopic similarities
between rocks at Woewodski Island and at Greens Creek
confirm previous suggestions that they are part of the same
geologic/metallogenic belt.
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Core Lithofacies Analysis and Fluvio-Tidal
Environments in the AK 94 CBM-1 Well,

Near Wasilla, Alaska

By Romeo M. Flores, Mark D. Myers, Gary D. Stricker, and Julie A. Houle

Abstract

The AK 94 CBM-1 well penetrated and cored, from 108 to
378 m, the Tyonek Formation (Miocene-Pliocene) near Wasilla,
Alaska. Based on core and well-log descriptions, the Tyonek
Formation consists of two major lithofacies types: fluvial domi-
nated and tidallike. The upper (97 m thick) and lower (107 m
thick) parts of the core consist of fluvial-dominated lithofacies
occasionally interbedded with thin intervals of tidallike lithofa-
cies, whereas the middle part (67 m thick) of the core predomi-
nantly contains tidallike lithofacies. Coal beds are mainly
associated with the fluvial-dominated lithofacies where they
were deposited in freshwater mires developed mainly on aban-
doned fluvial channel belts and subordinately on distal flood
plains. In contrast, only thin coal lenses are present within the
tidallike lithofacies, where they are associated with paleosols,
well-drained mires, and freshwater lakes.

Sedimentary and biogenic structures suggest that the tidal-
like lithofacies formed in intertidal to subtidal environments.
The most compelling evidence for this interpretation is the com-
mon occurrence of lenticular and flaserlike beds; foresets with
reactivation surfaces; and rhythmic, mud-draped, bipolar ripple
laminae. In addition, associated trace fossils of possibly Thalass-
inoides, Chondrites, Teichicnus, Gyrolithes, Planolites, and
Paleophycus, as well as synaeresis cracks, support a tidal influ-
ence. These sedimentary structures are interbedded with heavily
bioturbated units, suggesting subaqueous deposition. Alterna-
tively, the only subaqueous fluvial setting that could produce
most of these sedimentary structures is in a freshwater lacustrine
setting with ebb and flow processes. Some of these tidallike
deposits contain the freshwater lacustrine alga Pediastrum
reported by Nichols (1998).

The alternating fluvial-dominated and tidallike lithofacies
are similar to lithofacies found in the Tyonek Formation in the
Chuitna drainage basin by Flores and others (1994, 1997). The
discovery of these Tyonek tidallike lithofacies in the Chuitna
River drainage basin and near Wasilla in the Upper Cook Inlet
suggests that brackish water processes may have deposited part
of the Tertiary coal-bearing deposits. Previous interpretations
have limited these rocks to a nonmarine origin. If our interpreta-
tion of these rocks is correct, it requires their reevaluation and

suggests that the generally accepted paleogeographic reconstruc-
tions of the Tertiary Cook Inlet Basin may need revision with
respect to the location and distribution of marine-influenced sed-
imentation. However, if these rocks were deposited in freshwater
lakes, the depositional processes that created these tidallike sedi-
mentary structures need to be better documented.

Introduction

The Cook Inlet Basin (fig. 1) contains the second largest
(the largest is the North Slope) amount of hypothetical coal
resources in Alaska (Stricker, 1991). These coal resources are
contained in the Oligocene to Pliocene Kenai Group (fig. 2)
(Calderwood and Fackler, 1972), which is as much as 7,617 m
thick in the offshore Cook Inlet Basin. The hypothetical coal
resources of the basin exceed 1.5 trillion short tons of which 500
billion short tons are found onshore (Stricker, 1991; Smith,
1995).

The coal-bearing Kenai Group includes, from bottom to
top, the Hemlock Conglomerate, and the Tyonek, Beluga, and
Sterling Formations (fig. 2). These formations consist of inter-
bedded conglomerate, sandstone, siltstone, mudstone, coal, and
carbonaceous shale. Coals are mainly found in the Tyonek, Bel-
uga, and Sterling Formations; however, the thickest coals are
found in the Tyonek and Beluga.

The depositional environment of the Kenai Group has gen-
erally been interpreted as a nonmarine continental setting (Hite,
1976; Hayes and others, 1976). More specifically, the Beluga
and Sterling Formations were interpreted as deposits of braided
and meandering streams. Flores and Stricker (1993), and Flores
and others (1994, 1997) reinterpreted the Beluga and Sterling
Formations to be mixed anastomosed, meandering, and braided
streams. In this setting, the thick and thin coal beds accumulated
in raised mires and low-lying swamps, respectively. The Tyonek
Formation has generally been interpreted as braided-stream
deposits (McGee, 1972; Adkison and others, 1975; Dickinson
and Campbell, 1978; Dickinson and others, 1995). However,
tidallike deposits of the Tyonek in the Chuitna River drainage
basin (fig. 1) were reported by Flores and others (1994, 1997).

The purpose of this paper is to report additional evidence
for tidallike deposits in the Tyonek Formation near Wasilla (fig.
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1), which is about 161 km northeast of the Chuitna River drain-
age basin. These deposits were described from cores of the AK
94 CBM-1 well that was drilled for a coal-bed methane prospect
by the Alaska Department of Natural Resources (Smith, 1995).
This paper includes detailed lithofacies analysis, sedimentology,
and interpretation of the depositional environments, which were
not previously performed by Smith (1995).
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Geologic Setting

The AK 94 CBM-1 well was drilled in 1994 at a location
about 4.2 km northwest of Wasilla on the northeast margin of
the Cook Inlet Basin (fig. 3). The northeast margin of the basin
forms a northeast-trending trough bounded by the Castle
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Mountain fault and Talkeetna Mountains on the north and the
Chugach Mountains on the south (fig. 3). The western part of the
trough, which is 40.2 km wide and 121 km long, contains the
Tyonek Formation; in this area, it is more than 1,219 m thick
and contains a cumulative thickness of greater than 30.5 m of
coal beds at depths from 152 to 1,828 m (Smith, 1995). Smith
(1995) reported that these coals are high-volatile bituminous
with vitrinite reflectance (R,) values ranging from 0.6 to 1.2 per-
cent (fig. 3).

Johnsson and others (1993) reported that coals in the Kenai
Group in the northern Cook Inlet Basin range from 0.2 to 0.9
percent R, in depths from 30.5 to 2,742 m. Post-depositional
uplift of the northern margin of the basin exposed older rocks
(Paleocene to Oligocene) with high thermal maturity. For exam-
ple, Paleocene to Eocene rocks, which contain high-volatile
bituminous and anthracite coals, are exposed in the Matanuska
Valley (Anonymous, 1990). Coal mines in this area have emitted
methane gas, which caused outbursts and explosions in 1937
and 1957 (Barnes and Payne, 1956; Smith, 1995).

The high-thermal-maturity Tertiary coals, particularly in
the northern margin of the Cook Inlet Basin, have been targeted
for coal-bed methane exploration. Smith and Clough (1993)
identified the Wasilla area as a prospect because of its proximity
to infrastructure, including gas pipelines. This led to the drilling
of the AK 94 CBM-1 well by the Department of Natural
Resources, State of Alaska, to test for the presence of coal-bed
methane in the Tyonek Formation (Smith, 1995). This test well
will serve as an important guide to future coal-bed gas measure-
ments and resource estimates of Tertiary coal-bearing rocks in
the Cook Inlet Basin.

Previous Work Performed on the
AK 94 CBM-1 Well

The AK 94 CBM-1 well was drilled to a total depth of
379 m, and a continuous core of the Tyonek Formation was
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recovered from 108 to 379 m (Smith, 1995). The depths from
0 to 108 m were cased; however, rock samples indicate that the
interval is composed of Quaternary glacial conglomerate. A
suite of geophysical logs (e.g., gamma ray, density, spontane-
ous potential, and resistivity) was also run to evaluate the
Tyonek rocks. The drilling project was mainly designed by
Smith (1995) to collect samples from Tyonek coal beds that
were greater than 0.6 m thick for proximate and geochemical
analyses, and gas desorption. Thus, only coal beds that are less
than 0.3 m thick were left in the core for detailed description.
Smith (1995) noted that the coal beds are thick (as thick as 2.9
m) at depth and their cumulative thickness is about 12.5 m.

Out of the total of 18 coal beds drilled in the Tyonek For-
mation, 13 beds were sampled for gas content. Proximate analy-
sis of these coals indicates an as-received moisture content of 4.8
to 9.02 percent, volatile matter of 5.57 to 22.85 percent, fixed
carbon of 23.03 to 48.71 percent, and ash yield from 5.57 to
44.74 percent. In general, moisture and fixed carbon increased
with depth. Gas content ranges from 63 ft*/short ton at standard

temperature and pressure (STP) for coal beds at a shallow depth
(152 m) to 245 standard ft*/short ton at STP for coal beds at a
great depth (366 m). Carbon isotopes of the coal-bed gases
range from —49.3 to —43.3 %o (per mil) §'*C, with slightly
heavier isotope values at depth, indicating both a thermogenic
and biogenic origin of the coal-bed gas. Composition of this gas
is 90 percent methane with minor amounts of CO, and N,.
Vitrinite reflectance values range from 0.47 to 0.58 percent and
generally increases with depth (Smith, 1995).

Lithostratigraphy of the AK 94 CBM-1 Core

Smith (1995) described the general lithology of the AK 94
CBM-1 core, from 379 to 108 m depth, as consisting of inter-
bedded coal, mudstone, siltstone, sandstone, and conglomerate.
Our detailed description of this 271-m-thick interval of 7.6-cm-
diameter core included thickness, lithology, color, grain size,
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sorting, mineral composition, nature of contact, sedimentary
structures, trace fossil content, and biological constituents (figs.
4A-40).

In order to summarize the lithofacies association of the
core, the Tyonek interval is divided into lower, middle, and
upper parts based on the grain size, abundance, and thickness of
diagnostic lithologic types. The lower part (fig. 4A), from 379 to
272 m, is 107 m thick and consists of abundant conglomeratic
sandstones and thick (0.3-2.9 m) coals and carbonaceous shales.
The middle part (fig. 4B), from 272 to 205 m, is 67 m thick and
is composed of abundant mudstone, siltstone, fine-grained sand-
stone, and sparse, thin (8.9 cm to 0.3 m) coal and carbonaceous
shale. The upper part (fig. 4C), from 205 to 108 m, is 97 m thick
and comprises abundant medium- to coarse-grained sandstones
and thin to thick (1-3.5 ft or 0.3—1 m) coal and carbonaceous
shale.

The gamma-ray curve measures the natural radioactivity of
rock types 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 sandstone and silt-
stone, which is attributed to the amount of clay minerals, potas-
sium feldspar, mica, and heavy minerals. Coal displays much
lower gamma radiation compared to these rock types and is
readily identifiable by the gamma-ray log curve. Density and
resistivity curves were also used to identify the coal beds.
Responses of both gamma-ray and spontaneous-potential logs
are indirectly related to sediment grain size and may be used as a
vertical grain-size profile (Galloway, 1968; Selley, 1978).

A comparison of the gamma-ray and spontaneous-potential
logs of the conglomerates and sandstones have significantly dif-
ferent patterns (see fig. 4A4). The gamma-ray log curve displays
serrated cylindrical and bell shapes (rightward excursions).
However, the spontaneous-potential log curve shows smooth
cylindrical to combined smooth and serrated bell shapes (left-
ward excursions). The better definition of the spontaneous
potential is probably due to changes in grain size of the sand-
stone. The cylindrical-shaped curve suggests uniform vertical
grain size of the sandstone and the bell-shaped curve indicates
fining upward.

Lower Part of the Core

The lower part (379-272 m) of the Tyonek interval (see fig.
4A) is dominated by medium- to coarse-grained sandstone and
conglomerate, which make up as much as 60 percent of the total
rock volume. The sandstones occur as fining-upward beds that
are from 0.6 to 4.6 m thick and display erosional bases (fig. 5).
The sandstones are light gray and show a “salt-and-pepper” tex-
ture (Krynine, 1950); light minerals consist mainly of quartz.
The dark color is due to the presence of chert and other rock
fragments (e.g., metamorphic and volcanic). Sedimentary struc-
tures consist of trough crossbeds that are 7.6 cm to 0.3 m in
height (fig. 5). These structures are interbedded by a few planar
crossbeds (0.3 m in height) with steep foresets (fig. 5). Asym-
metrical and climbing ripple laminations (7.6-cm- to 0.6-m-
thick units) cap the trough and planar crossbedded units (fig. 6).

The conglomerates, which make up less than 5 percent of
the total rock volume, have erosional bases and occur as 7.6-cm-

to 0.6- m-thick beds (figs. 4A and 5). They are gray and com-
posed of rounded to subrounded pebbles and cobbles of quartz,
black chert, and volcanic rock fragments. They are commonly
framework supported, and a few are matrix supported. The
framework-supported conglomerates exhibit clast imbrication.

Forty percent of the lower part of the Tyonek interval (fig.
4A) consists of interbedded, very fine to fine-grained sand-
stone, siltstone, mudstone, coal, and carbonaceous shale (fig. 7).
Sandstones have sharp basal contacts, are gray in color, and
vary from 0.3 to 1.5 m thick. They are mainly ripple laminated,
lenticular and flaserlike bedded (with bipolar ripple laminae),
and are vertically burrowed by nondescript trace fossils. Silt-
stones are gray, a few centimeters to 0.4 m thick, ripple lami-
nated, burrowed, and are commonly interbedded with the
sandstones. Mudstones are dark gray to black, depending on the
amount of macerated plant content, and vary from 0.3 to 8.2 m
thick. They are massive to crudely laminated, vertically and
horizontally burrowed, and contain whole shells of bivalve mol-
lusks or pelecypods. These bivalves are articulated, 3.8 cm wide
and 6.3 cm long, and resemble a unionid clam in shape. Root
marks, defined by vertical branchlike tubules lined by carbon-
aceous matter, are common in the sandstones, siltstones, and
mudstones. Coal beds vary from 15.2 to 2.9 m in thickness (fig.
4A). They contains vitrinite bands indicating woody composi-
tion. They are commonly interbedded with carbonaceous
shales, which vary from a few centimeters to 0.3 m thick. Car-
bonaceous shales are fissile and contain a mixture of mud and
macerated plant fragments. Root marks are a common bioturba-
tion feature in the carbonaceous shale.

Middle Part of the Core

The middle part (272-205 m) of the Tyonek interval (fig.
4B) is dominated by abundant fine-grained sandstones (fig. 8),
which make up as much as 55 percent of the total rock volume.
Sandstones display sharp to erosional bases and uniform grain
size from bottom to top; they are from 0.3 to 7.9 m thick and are
light gray and show a “salt-and-pepper” texture. Sedimentary
structures consist mainly of foresets that range from 23 to 25 cm
in height and are separated by clay-draped reactivation surfaces.
Trough crossbeds, 8—15 c¢cm in height, are common, but planar
crossbeds, as much as 15 cm in height, and convolutions are
rare. Lenticular bedding (0.25-0.64 cm thick) and flaserlike rip-
ple laminations are very common (fig. 84). Ripple sets in the fla-
serlike laminations are bipolar and draped by burrowed
mudstones (fig. 8B). The sandstones are heavily bioturbated, and
the accompanying sedimentary structures have been partly to
completely destroyed. Vertical burrows in the form of escape
and branching structures are very common. Escape structures
are 1.3 cm high and 2.5 cm wide, and the branching vertical bur-
rows (e.g., Thalassinoides-like) are 5-8 cm wide and 1.5 m long
(fig. 9). The branching burrows were open and passively infilled
by overlying sand (fig. 9). Plant bioturbation in the form of root
marks is rare.

The gamma-ray and spontaneous-potential logs of the sand-
stones have significantly different patterns (fig. 4B). The gamma-
ray log curve displays mainly a serrated bell shape (rightward
excursions). However, the spontaneous-potential log curve
shows combined smooth and serrated bell shapes and funnel

Core Lithofacies Analysis and Fluvio-Tidal Environments in the AK 94 CBM-1 Well, Near Wasilla, Alaska 61
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shapes (leftward excursions). The spontaneous-potential log
curve is probably due to fining-upward grain size of the sand-
stone. The funnel shape curve of the spontaneous potential curve
suggests coarsening-upward vertical grain size of the sandstone.
Forty-five percent of the total rock volume of the middle
part of the Tyonek interval (fig. 4B) is composed of siltstone,
mudstone, carbonaceous mudstone, and coal (fig. 10). The silt-
stones and mudstones are light to dark gray and are commonly
intercalated, making up units as much as 2.7 m thick. These
units are commonly lenticular and (or) flaser bedded with lenses
of siltstones draped by mudstones. Wispy lenses or “starved rip-
ples” in siltstones are also common. Siltstone lenses are as much

Core Lithofacies Analysis and Fluvio-Tidal Environments in the AK 94 CBM-1 Well, Near Wasilla, Alaska

as 0.6 cm thick and are vertically burrowed by trace fossils—the
burrows include small oval burrows of possibly Chondrites and
Teichicnus (Pemberton and Wightman, 1992; Beynon and Pem-
berton, 1992) at 264.3-264.4 m. Possible trace fossils of Plano-
lites and Paleophycus (Pemberton and Wightman, 1992; Beynon
and Pemberton, 1992) are found at 264.5 m. A Thalassinoides-
like (Pemberton and Wightman, 1992; Beynon and Pemberton,
1992) trace fossil (fig. 9) is found at 263.4-262.9 m. The mud-
stones are heavily bioturbated vertically by wormlike or spiro-
form burrows (possibly Gyrolithes) that are 1 mm in diameter
and 1.3 cm long. These burrowed horizons are commonly asso-
ciated with mud and synaeresis cracks. Discrete units of black,
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Figure 4C. Lithostratigraphy, geophysical logs, and lithofacies variation of the upper part (205-108 m) of the AK 94 CBM-1 core.

carbonaceous mudstones are as much as 0.6 m thick and are
bioturbated by plant rootlets associated with yellow mottles.
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These mudstone units are interbedded with thin, vitrain-rich,
coaly layers that are as much as 8.2 cm thick.
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The upper part (205-108 m) of the Tyonek interval (fig.
4C) is dominated by fine- to coarse-grained sandstones, which
make up about 55 percent of the total rock volume, and com-
monly by thin coal beds. The sandstones occur as fining-upward
beds that are from 4.6 to 9.1 m thick and display sharp to ero-
sional bases (fig. 11). The sandstones are light gray and show a
“salt-and-pepper” texture. Sedimentary structures commonly
consist of trough crossbeds that are as much as 0.3 m in height
(fig. 11). Massive beds as much as 1.8 m thick are commonly
interbedded with the trough crossbeds. Planar crossbeds (as
much as 1.5 cm in height) and slump structures are sparse.
Asymmetrical and climbing ripple laminations in units as much
as 0.6 m thick cap the fining-upward sandstones. Bioturbation
by trace fossils and plants is common. Trace-fossil burrows are
vertical (fig. 11) and branchlike or Thalassinoides-like and are
as much as 10 ¢cm in diameter and 0.5 m long. Carbonaceous
plant root marks are common in the upper part of the fining-
upward sandstones. The root marks are both younger and older
than the vertical burrows.

The gamma-ray log curve (fig. 4C) displays serrated-bell
and cylindrical shapes (rightward excursions). The spontaneous-
potential log curve shows combined smooth- and serrated-bell
and cylindrical shapes and funnel shape (leftward excursions).
The spontaneous-potential log curve is probably due to uniform
vertical and fining-upward grain size of the sandstones. These
vertical grain-size variations of the sandstones are reflected by
the gamma-ray log curves. The funnel shape curve of the spon-
taneous potential curve suggests coarsening-upward vertical
grain size of the sandstones.

Forty-five percent of the upper part of the Tyonek interval
(fig. 4C) consists of siltstone, mudstone, coal and carbonaceous
shale (fig 12). Siltstones are light gray, a few centimeters to 1.4
m thick, contain very fine grained sandstone lenses (lenticular
bed), and are rippled, rooted, and burrowed (fig. 11). Mudstones
are gray to black, depending on the amount of carbonaceous
matter content, and vary from 0.3 to 2.7 m thick (fig 12). They
are massive to crudely laminated, rippled (lenticular beds and
“starved ripples”), rooted, and vertically burrowed. Vertical bur-
rows in the mudstones are 0.6 to 2.5 cm in diameter, more than 8
cm long, and sand-infilled. Carbonaceous root marks penetrate
these branchlike vertical burrows. Coal and carbonaceous shales
are interbedded, forming units as thick as 0.9 m. Coals are
brightly banded, indicating woody composition. Carbonaceous
shales are commonly rooted (fig. 12).

LOWER PART OF THE CORE

Lithofacies Associations and Sequences

Lithofacies associations of the Tyonek Formation may be
recognized as a depositionally related group of lithofacies that
occur together. Lithofacies sequences of the Tyonek Formation
are recognized as a series of lithofacies that pass vertically from
one lithofacies to another.

Three thick, fining-upward sandstone units occur as lithofa-
cies sequences in the lower part of the Tyonek interval (fig. 4A),
from bottom to top, 376-353 m, 344-334 m, and 287-273 m.
These 12- to 23-m-thick sandstones consist of stacked, multiple
scoured units, each of which fines upward. The fining-upward
sandstones at 376-353 m are associated with erosionally based
conglomerates that are either singular or stacked units. This
lithofacies association is mainly found at 374.6-362.7 m, where
the conglomerates occur. In addition, pebble floats are associ-
ated with erosionally based sandstones in the middle part of the
succession. The fining-upward sandstones at 287-272 m are
associated with some conglomerates that mark erosional bases
below the sandstones.

The fining-upward sandstone lithofacies sequences are
interbedded, from bottom to top, with lithofacies associations
consisting of coal, carbonaceous shale, sandstone, siltstone, and
mudstone at 379-376 m, 353-344 m, 334-287 m, and 273-272
m. The lithofacies association at 379-376 m consists mainly of
coal and carbonaceous shale underlain by mudstone and silt-
stone, which are rooted, burrowed, lenticular bedded, and rip-
pled. The lithofacies association at 353-344 m includes, from
bottom to top, a rooted mudstone capped by vitrinite lenses, coal
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Figure 5. Stacked, erosionally based, fining-upward sandstones interbedded with conglomerates from 376.4 to
367.4 m in the lower part of the core (photos A, from 376.3 to 369.9 m; B, from 369.9 to 372.2 m; C, from 372.2 to 374.6
m; and D, from 374.6 to 376.8 m). Trough (Tr) and planar (PI) crossbeds in the fining-upward sandstones from 375.6—
375.0 m and 371.8 to 367.7 m, respectively. Numbers on core show depth in feet. To convert from feet to meters
multiply by 0.304 (note centimeter scale on photo).
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Figure 6. Climbing ripple laminations (Crl) interbedded
with asymmetrical ripple laminations (Arl) that cap the
stacked, fining-upward sandstones from 355.2t0 353.1 m
in the lower part of the core. Numbers on core show
depth in feet. To convert from feet to meters multiply by
0.304 (note centimeter scale on photo).

and carbonaceous shale, and interbedded burrowed mudstone;
tonstein; fining-upward, rippled-burrowed sandstone; and silt-
stone. The lithofacies association at 334-287 m consists of coal
and rooted carbonaceous shale interbedded with lenticular-bed-
ded, mud-draped (flaserlike) sandstone, siltstone, and mudstone
in the lower part. A massive mudstone containing bivalve mol-
lusks interbedded with a multi-erosional, 7.3-m-thick, fining-
upward sandstone occurs in the middle part. A lithofacies asso-
ciation of coal and carbonaceous shale interbedded with mud-
stone and stacked, multi-erosional, 1.5- to 3.3-m-thick, fining-
upward sandstone occurs in the upper part. The lithofacies asso-
ciation at 273-272 m consists mainly of coal and carbonaceous
shale. A mudstone at 260.4 m (below a coal) analyzed by
Nichols (1998) for palynomorphs yielded the freshwater alga
Pediastrum and common conifer pollen.

Interpretation

The thick, fining-upward sandstone sequences are inter-
preted as deposits of major fluvial channels. The stacked,
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Interbedded coal, carbonaceous mudstone, silt-

Figure 7.
stone, and sandstone from 379.3 to 377.1 min the lower part
of the core. A part of the coal bed is missing and was sam-
pled for analysis (378-377). L, lenticular bedding. Numbers
on core show depth in feet. To convert from feet to meters
multiply by 0.304 (note centimeter scale on photo).

multiple scoured units represent deposits of shallow (thin) to
deep (thick) subchannels. The thin, erosionally based conglom-
erates are interpreted as channel-floor and gravel-bar deposits
similar to braided streams (Webb, 1994). Pebbles in the sand-
stone reflect debris-flow deposits. The lithofacies association of
sandstone and conglomerate suggests that the major fluvial
channels were braided, consisting of subchannels that were aeri
ally separated by gravel bars (Best and Bristow, 1993). The fin-
ing-upward sandstones floored by conglomerates indicate
channel-fill during waxing to waning channel flows (Allen,
1965).

The coal and carbonaceous shale lithofacies associations
are interpreted as mire deposits in freshwater environments as
indicated by the alga Pediastrum. The massive mudstones con-
taining bivalve mollusks or pelecypods suggest deposition in a
subaqueous, probably freshwater, lacustrine environment. The
lithofacies association of mudstone with lenticular-bedded,
mud-draped sandstone, siltstone, and mudstone reflects deposi-
tion either in a wave-influenced flood plain crevasse and lacus-
trine environment, or tidallike environment. The thin, fining-
upward sandstone lithofacies sequence is interpreted as deposits
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Figure 8. A, Siltstones, mudstones, and silty sandstones containing lenticular (L) and flaserlike (F) beds underlain by a thin
coal and carbonaceous shale lithofacies from 270.1 to 267. 9 m. B, Flaserlike beds with bipolar ripple sets draped by
burrowed mudstone lenses and a mudstone exhibiting synaeresis or shrinkage cracks (SC). E, escape structure. Numbers
on core show depth in feet. To convert from feet to meters multiply by 0.304 (note centimeter scale on photo).

of minor, sinuous or meandering fluvial channels that drained
the mires, flood plains, and lacustrine environments (Miall,
1996). They also served as minor drainages that were laterally
contemporaneous to the major braided fluvial channels in the
alluvial plain.

MIDDLE PART OF THE CORE

Lithofacies Associations and Sequences

The lithofacies association in the middle part of the core
consists mainly of erosionally based, thick, heavily bioturbated,
fine-grained sandstones at 272-242 m (fig. 4B). The fine-grained
sandstones are mainly lenticular, wispy, and flaserlike bedded
and contain subordinate crossbed foresets with clay-draped reac-
tivation surfaces and opposed foresets in ripple laminae. These
sedimentary structures are partly destroyed by “tidallike” bur-
rows and U-shaped escape burrows. The fine-grained sandstones
are associated with minor siltstones and mudstones that are com-
monly lenticular and flaserlike bedded. Lithofacies association
of minor amounts of rooted carbonaceous mudstones with the
siltstones and mudstones are at 250-249 m and 243-242.8 m.

The lithofacies association from 242-205 m of the middle
part of the core is mainly composed of sharp-based, thin,
heavily bioturbated, fine-grained sandstones. These are com-
monly lenticular and flaserlike bedded with the mud-drapes
being burrowed. These sedimentary structures are locally rhyth-
mic and are commonly destroyed by vertical burrows and root
marks. Root marks are in the form of yellow mottles. The fine-
grained sandstones are commonly associated with thin to thick
siltstones and mudstones. The siltstones and mudstones in this
lithofacies association are characterized by lenticular, wispy,
and flaserlike beds that are almost destroyed by vertical burrows
and root marks. The root marks and mottled structures are asso-
ciated with thin coal and carbonaceous mudstones. A rooted car-
bonaceous mudstone analyzed for palynomorphs by Nichols
(1998) yield abundant pine and hemlock pollen.

Interpretation

The lithofacies association in the middle part of the core is
very similar to that described as tidallike deposits by Flores and
others (1997) in core from the Chuitna drainage. The thin to
thick, erosional- to sharp-based, fine-grained sandstone
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Figure 9. Siltstones, mudstones and silty sandstones
displaying lenticular beds (L) and a Thalassinoides-like
burrow (B) from 265.4 to 262.9 m. Numbers on core show
depth in feet. To convert from feet to meters multiply by
0.304 (note centimeter scale on photo).

lithofacies are interpreted by Flores and others (1997) as depos-
its in tidal-channel to tidal-flat-like environments similar to sedi-
ments described by Evans (1975), Visser (1980), Reinson
(1989), Nio and Yang (1991), Flores and Johnson (1995), and
Flores and Sykes (1996). The Thalassinoides-like burrows sug-
gest that these lithofacies associations were influenced by brack-
ish or marine water. However, MacKenzie (1975) suggested that
the same burrows may have been generated by some species of
clams. If this is correct, we suggest that these clams may be sim-
ilar to the unionid bivalve mollusks found in the mudstones in
the lower part of the core, interpreted to be deposited in a large
flood-plain freshwater lake. The tidallike deposits may have
been deposited in crevasse splays and reworked by burrowing
animals as well as ebb-and-flow processes. The presence of bur-
rowed lenticular and flaserlike beds in the sandstone and silt-
stone, and in the wispy beds, indicates intertidal-subtidal-like
environments (Reineck and Wunderlich 1968). The opposed
bipolar ripple laminae and development of reactivation surfaces
probably reflects successive tidallike ebb and flow. The possible
trace fossils Thalassinoides, Chondrites, Teichicnus, Gyrolithes,
Planolites, and Paleophycus reflect brackish-marine influence
and may support tidallike deposition of the associated rocks

Figure 10. Mudstones, siltstones, carbonaceous shales,
and coals from 217.8 to 215.7 m in the middle part of core.
W, wispy structure. R, root mark. Numbers on core show
depth in feet. To convert from feet to meters multiply by
0.304 (note centimeter scale on photo).

(Pemberton and Wightman, 1992; Beynon and Pemberton,
1992). Furthermore, the presence of synaeresis or shrinkage
cracks support the idea of large fluctuations in salinity (Burst,
1965). The rooted and mottled mudstone lithofacies are inter-
preted as paleosols or millisols (Retallack, 1988). The coal and
carbonaceous mudstone lithofacies associated with the paleosols
suggest deposition either in low-lying or well-drained mires.
Retallack (1988) recognized this coal and carbonaceous mud-
stone lithofacies as a form of paleosol or histosol.

Upper Part of the Core

Lithofacies Associations and Sequences

The upper part of the core from 205-108 m is dominated
by lithofacies sequences of erosional-based, fining-upward
(medium to fine) sandstone (fig. 4C). The sandstone commonly
displays branching Thalassinoides-like vertical burrows. The
thick, fining-upward sandstones are found at 201-125 m. At
these depths, the sandstones are commonly associated with
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Figure 11.

A, Burrowed mudstones and siltstones from 149.6-134.5m, and B, sandstones containing trough crossbeds (Tr)

and burrows (B) from 134.5-132.1 m. Numbers on core show depth in feet. To convert from feet to meters multiply by 0.304

(note centimeter scale on photo).

coarsening-upward lithofacies sequences of rippled (“starved”)
mudstones and burrowed, lenticular, flaser-bedded siltstones,
and sandstones. In addition, thick coals and carbonaceous shales
are interbedded with these lithofacies associations. Mudstones at
174.6 m and 202 m (above coals), analyzed by Nichols (1998)
for palynomorphs, yielded the freshwater alga Pediastrum and
common conifer pollen. Thin fining-upward sandstone lithofa-
cies sequences are found at 120-117 m. Thin coal and rooted
carbonaceous shales and mudstones cap the fining-upward sand-
stone lithofacies sequences. These lithofacies sequences are
underlain by coarsening-upward lithofacies sequences of bur-
rowed mudstones, and rippled siltstones and sandstones.

Interpretation

The thin to thick, fining-upward sandstone lithofacies
sequences are interpreted as fluvial channels. Because these
channels exhibit Thalassinoides-like burrows, it suggests
reworking of the fluvial sediments by either crustaceanlike
organisms typical of tidal-flat-like settings (Reineck, 1967) or
some species of pelecypods (MacKenzie, 1975). The tidal influ-
ence may be indicated by the lenticular and flaser-bedded units.
The coarsening-upward lithofacies sequences of mudstones,

siltstones, and sandstones represent fluvial aggradational com-
plexes (e.g., crevasse channels and splays) in subaqueous flood-
plain or freshwater lacustrine environments. Thus, the fluvial
channels overlying these coarsening-upward lithofacies
sequences may represent crevasse channels that were reoccu-
pied by flow-through systems. The coal and carbonaceous
shales and rooted mudstones are interpreted as mire and paleo-
sol deposits on abandoned deposits of these flow-through chan-
nel systems. These mires were inundated by freshwater lakes, as
indicated by the presence of the freshwater alga Pediastrum.

Summary and Conclusions

The Tyonek interval in the AK 94 CBM-1 well contains
interbedded fluvial-dominated and tidallike lithofacies. The flu-
vial-dominated lithofacies are found in the lower and upper
parts of the core. The tidallike lithofacies are found in the mid-
dle part of the core; however, tidallike lithofacies are associated
with the fluvial-dominated lithofacies. These alternating fluvial-
dominated and tidallike lithofacies are similar to lithofacies
found in the Tyonek Formation in the Chuitna drainage basin
described by Flores and others (1994, 1997).
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Figure 12.  Siltstones and mudstones interbedded
with carbonaceous shales and coals (removed for
analysis) from 329.4 to 331.9 m. Mudstones are main-
ly rooted (R). Numbers on core show depth in feet.
To convert from feet to meters multiply by 0.304
(note centimeter scale on photo).

The coal beds are mainly associated with the fluvial-domi-
nated lithofacies. Here, the coal beds formed in freshwater mires
developed mainly on abandoned fluvial channel belts and, sub-
ordinately, on distal flood plains. Paleosols and well-drained
mires, forming only thin coal lenses, are associated with the tid-
allike lithofacies. The tidallike lithofacies are interpreted to form
in intertidal-subtidal-like environments. Perhaps the most com-
pelling characteristics of these tidallike lithofacies are the lentic-
ular and flaserlike beds; foresets with reactivation surfaces; and
rhythmic, mud-draped, bipolar ripple laminae. Associated trace
fossils (Thalassinoides-like, Chondrites, Teichicnus, Gyrolithes,
Planolites, and Paleophycus) and synaeresis cracks with these
lithofacies support a brackish-marine influence (Burst, 1965;
Pemberton and Wightman, 1992; Beynon and Pemberton,
1992). Subaqueous deposition is suggested by sedimentary
structures that are laced with heavy bioturbation. The only sub-
aqueous fluvial setting that is equivalent to a tidallike setting in
which most of these sedimentary structures may be formed is
possibly in a freshwater lacustrine setting with ebb-and-flow
processes, possibly driven by wind storms.

The discovery of these Tyonek tidallike lithofacies near
Wasilla and in the Chuitna River drainage basin (Flores and oth-
ers, 1994, 1997) in the upper Cook Inlet suggests that the pro-
cesses that formed them are more prevalent and widespread than

originally thought. Another interpretation could be that tidallike
processes in freshwater lakes in fluvial-dominated environ-
ments, particularly in the Cook Inlet Basin, have been over-
looked. It is an enigma that these lithofacies have not been found
associated with fluvial-dominated lithofacies of the Kenai Group
during previous studies. The generally accepted paleogeo-
graphic reconstructions of the Tertiary Cook Inlet Basin may
need to be revised with respect to the paleogeography and distri-
bution of brackish-marine-influenced sedimentation. Thus,
based on this study and previous work by Flores and others
(1994, 1997), the estuarine and marine environments that
existed during deposition of the Tyonek are probably found in
the southern and central part of the Cook Inlet Basin.
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Abstract

Deep-water facies, chiefly hemipelagic deposits and
turbidites, of Cambrian through Devonian age are widely
exposed in the Medfra and Mt. McKinley quadrangles. These
strata include the upper part of the Telsitna Formation (Middle-
Upper Ordovician) and the Paradise Fork Formation (Lower
Silurian—-Lower Devonian) in the Nixon Fork terrane, the East
Fork Hills Formation (Upper Cambrian-Lower Devonian) in the
East Fork subterrane of the Minchumina terrane, and the chert
and argillite unit (Ordovician) and the argillite and quartzite unit
(Silurian-Devonian? and possibly older) in the Telida subterrane
of the Minchumina terrane.

In the western part of the study area (Medfra quadrangle),
both hemipelagic deposits and turbidites are largely calcareous
and were derived from the Nixon Fork carbonate platform. East-
ern exposures (Mt. McKinley quadrangle; eastern part of the
Telida subterrane) contain much less carbonate; hemipelagic
strata are mostly chert, and turbidites contain abundant rounded
quartz and lesser plagioclase and potassium feldspar. Deep-
water facies in the Medfra quadrangle correlate well with rocks
of the Dillinger terrane exposed to the south (McGrath quadran-
gle), but coeval strata in the Mt. McKinley quadrangle are com-
positionally similar to rocks to the northeast (Livengood
quadrangle). Petrographic data thus suggest that the Telida sub-
terrane as presently defined is an artificial construct made up of
two distinct sequences of disparate provenance.

Restoration of 90 and 150 km of dextral strike-slip on the
Iditarod and Farewell faults, respectively, aligns the deep-water
strata of the Minchumina and Dillinger terranes in a position
east of the Nixon Fork carbonate platform. This restoration sup-
ports the interpretation that lower Paleozoic rocks in the Nixon
Fork and Dillinger terranes, and in the western part of the Min-
chumina terrane (East Fork subterrane and western part of the
Telida subterrane), formed along a single continental margin.

1 During field work in 1998, we discovered a previously unreported belt of Silurian-

Devonian deep-water facies in the northeastern corner of the Medfra
quadrangle. These rocks are described in Dumoulin, J.A., Bradley, D.C., and
Harris, A.G., in press, Paleozoic strata of the Dyckman Mountain area,
northeastern Medfra quadrangle, Alaska, in Kelley, K.D., and Gough, L.P.,
eds., Geologic Studies in Alaska by the U.S. Geological Survey, 1998: U.S.
Geological Survey Professional Paper 1615.

Rocks in the eastern part of the Telida subterrane are
compositionally distinct from those to the west and may have
had a different origin and history.

Introduction

Lower Paleozoic rocks deposited in deep-water, off-plat-
form settings occur widely throughout central Alaska. In this
paper we describe the lithofacies, biostratigraphy, depositional
environments, and regional correlation of Upper Cambrian
through Lower Devonian deep-water strata exposed in parts of
the Medfra and Mt. McKinley 1:250,000 quadrangles (figs. 1,
2). These rocks have been variously correlated but have received
little detailed study. They were assigned to the Nixon Fork and
Minchumina terranes by Patton and others (1994) but were
included in the White Mountain sequence of the Farewell terrane
by Decker and others (1994).

The terminology used for lower Paleozoic rocks in central
Alaska is confusing and contentious. Deep-water strata in the
McGrath and Lime Hills quadrangles south of the Medfra area,
considered part of the White Mountain sequence by Decker and
others (1994), have also been called the Dillinger terrane (Jones
and others, 1981; Silberling and others, 1994) or sequence (Gil-
bert and Bundtzen, 1984). Coeval platform facies in this area,
called Nixon Fork terrane or sequence by other authors (Silber-
ling and others, 1994; Gilbert and Bundtzen, 1984), are included
by Decker and others (1994) in their White Mountain sequence.
We agree with Decker and others (1994) that lower Paleozoic
strata in their Farewell terrane probably formed along a single
continental margin but find their terminology for subdivisions of
the Farewell awkward and inadequate. In this paper we follow
the terrane terminology of Silberling and others (1994) except
where noted and refer to lower Paleozoic deep-water facies in
the McGrath and Lime Hills quadrangles as the “Dillinger
terrane” (fig. 1). We use terrane, however, in the older sense of
the word to indicate a belt of related rocks and not as redefined
(e.g., Jones and others, 1981) to require fault boundaries and
imply “exotic” origins for these belts.

Our lithologic and biostratigraphic data indicate that lower
Paleozoic deep-water facies of the Medfra quadrangle correlate
relatively well with deep-water facies of the Dillinger terrane

3
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Figure 1. Location of quadrangles and selected tectonostratigraphic terranes and subterranes men-
tioned in text; East Fork and Telida are subterranes of Minchumina terrane. Dillinger and Nixon Fork south
of lat 63°N. modified from Decker and others (1994) and Silberling and others (1994); East Fork, Nixon Fork
north of lat 63°N., and Telida from Patton and others (1994); Livengood and Wickersham from Silberling
and others (1994). The Farewell terrane of Decker and others (1994) includes the Nixon Fork, Minchumina,
and Dillinger terranes shown here. Quadrangles: ID, Iditarod; KH, Kantishna River; LG, Livengood, LH,
Lime Hills; MD, Medfra; MG, McGrath; MM, Mt. McKinley; RB, Ruby; SM, Sleetmute; TL, Talkeetna.

exposed to the south (McGrath quadrangle). Coeval deep-water  Previous Work and Methods
strata in the Mt. McKinley quadrangle have stronger lithologic

similarities to rocks of the Wickersham and Livengood terranes

Lower Paleozoic deep-water strata in the Medfra quadran-
to the northeast (Livengood quadrangle).

gle were briefly described by Patton and others (1980) and Dutro
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and Patton (1982); sparse lithologic and fossil data from correla-
tive rocks in the Mt. McKinley and Kantishna River quadrangles
were reported by Chapman and others (1975), Chapman and
Yeend (1981), Chapman and others (1981), and Patton and oth-
ers (1994).

We examined lower Paleozoic rocks in the Medfra area at
36 localities. Microlithofacies were established through field
observations and study of about 80 thin sections. Conodont age
and biofacies determinations are based on 14 new collections
and 13 older, unpublished collections reexamined for this paper
(table 1). Interpretations of depositional environments follow
models in Wilson (1975), Cook and others (1983), and Scholle
and others (1983).

Lithofacies, Age, and Depositional
Environment

Deep-water strata described here belong to three formations
(Dutro and Patton, 1982) and several unnamed map units (Patton
and others, 1980; Chapman and Yeend, 1981) that have been
grouped into two terranes (Patton and others, 1994). We follow
below the terrane terminology of Patton and others (1994) unless
otherwise noted.

Nixon Fork Terrane

Precambrian through Mesozoic strata of the Nixon Fork
terrane form a southwest-trending belt in the eastern and central
Medfra quadrangle (fig. 1). Some 5,500 m of Ordovician
through Devonian rocks in this terrane comprise a chiefly plat-
form carbonate succession interrupted by an interval of deeper
water facies. Four formations are recognized (Dutro and Patton,
1982); deep-water strata occur in the uppermost part of the Tel-
sitna Formation (Ordovician) and throughout the Paradise Fork
Formation (Silurian and Lower Devonian). The Novi Mountain
Formation (Lower Ordovician) and the Whirlwind Creek Forma-
tion (Upper Silurian and Devonian) consist exclusively of shal-
low-water facies. In this report, we focus on deep-water facies
within the lower Paleozoic succession. The Nixon Fork terrane
is cut by a series of northeast-striking faults (Patton and others,
1980); details of stratigraphy, lithofacies, and thermal history
differ across these faults, as will be detailed below.

Telsitna Formation

The Telsitna Formation consists of about 2,000 m of lime-
stone and lesser dolostone (Dutro and Patton, 1982) deposited
largely in supratidal to shallow subtidal settings (Measures and
others, 1992). In a section just south of the type section (fig. 2,
loc. 1), the uppermost part of the Telsitna is light-gray-weather-
ing, dark-brownish-gray micrite, partly dolomitized, in 10- to
30-cm-thick beds. Stringers and nodules of tan, gray, or black
chert, generally a few centimeters thick, parallel bedding. Bio-
herms a few meters across, made up of corals and (or) stromato-
poroids, are locally abundant. These beds contain conodonts of
probable Late Ordovician age deposited in a warm, shallow-
water setting (table 1, loc. 1; fig. 3A). Lithologically similar

strata comprise the upper part of the type section, 4.5 km to the
north (fig. 2, loc. 2). Conodonts near the top of this section are
early Late Ordovician (middle Edenian—early Maysvillian) and
indicate a tropical, shallow-water environment (table 1, loc. 2).
Corals and brachiopods in the uppermost beds in this section are
also of Maysvillian age (Dutro and Patton, 1982).

Distinctly different facies, however, characterize the upper-
most Telsitna Formation in an elongate fault block southeast of
the type section (fig. 2, loc. 3). In this area, several hundred
meters of dark-gray-weathering, grayish-black micrite, in platy
to irregular beds a few millimeters to 20 cm thick, forms the top
of the Telsitna. Subordinate silt- to sand-sized clasts are dissemi-
nated throughout this micrite and are locally concentrated into
graded layers a few millimeters thick. Clasts include peloids,
calcitized radiolarians, and calcareous and siliceous sponge
spicules (some radiolarians and spicules are pyritized) (figs. 3B,
3C). A few samples contain fragments of pelmatozoans, brachio-
pods, ostracodes, trilobites, and possible algae. These beds pro-
duced three conodont collections; the most diagnostic samples
are very latest Ordovician (table 1, loc. 3; figs. 4AM—4AA). All
collections are distal winnows deposited in a deep-shelf to
basinal setting.

Conodonts indicative of a deep-water depositional environ-
ment were also recovered from the upper part of the Telsitna
Formation in fault blocks west and east of the type area (table 1,
locs. 4, 5). Strata at both localities are fine-grained, brownish-
gray, locally bioclastic limestone. The western collection (loc. 4)
is late Middle Ordovician; the eastern faunule (loc. 5) is correla-
tive or slightly younger.

Lithologic and paleontologic data thus demonstrate that dif-
ferent sections of the uppermost Telsitna Formation are not pre-
cisely coeval and formed in distinctly different depositional
environments. Upper Ordovician strata in and south of the type
section (table 1, locs. 1 and 2) accumulated in a shallow-water,
inner-shelf or platform setting. The slightly younger section at
locality 3 consists of hemipelagic sediment derived from a car-
bonate platform but deposited in a slope or basin environment.
Sections at localities 4 and 5 appear intermediate between these
two extremes and probably formed in an outer-shelf or outer-
platform setting.

Telsitna Formation conodonts from locality 3 have notably
higher color alteration indices (CAI’s) than do those from the
type area (4.5 vs. 2 and 3.5). Similarly sharp contrasts in
conodont CAI's from correlative strata occur in other parts of the
Nixon Fork terrane (Savage and others, 1995; A.G. Harris and
J.E. Repetski, unpub. data, 1997). CAI contrasts—along with the
differences in lithofacies, age, and depositional environment
documented above—suggest that discrete fault blocks in the
Medfra quadrangle preserve fragments of the Nixon Fork plat-
form with divergent depositional and thermal histories. These
differences are not confined to Upper Ordovician rocks, as will
be seen below.

Paradise Fork Formation

The Paradise Fork Formation is a sequence of dark-gray,
thin-bedded limestone and black shale that forms a southwest-
trending, 40-km-long synform through the northeastern part of
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Table 1. Conodont data for localities shown on figure 2.

[Localities discussed in text but not sampled for conodonts not listed below. Letters in field number refer to collector: AD. J.A. Dumoulin; ADw, D.C. Bradley; APa. W.W. Patton, Jr. and (or) J.T. Dutro.
Jr. Abbreviations: CAI, color alteration index; indets., indeterminate bar. blade, platform, and coniform fragments]

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
{terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
1 (Nixon Medfra D-2 3 belodinids of probable Late Ordovician =~ Middle-Late Ordovician, Indeterminate (too few Medium-gray-weathering, light-
Fork; 63°51.90" morphotype probably Late Ordovician on conodonts); probably, warm, gray, fine-grained dolostone
Telsitna Fm.)  153°43.18' 7 Panderodus gracilis (Branson & Mehl) the basis of the belodinid shallow-water depositional containing abundant
1 unassigned coniform morphotype. environment. colonial corals. Sample
CAI=2 weight 8.8 kg.
[97AD14B; 11504-CO]
2 (Nixon Medfra D-2 1 belodinid Age is middle Edenian-early Indeterminate (too few Thick-bedded limestone at
Fork; 63°54.50" 1 Culumbodina occidentalis Sweet Maysvillian (early-middle conodonts). Conodonts are ~5,700 ft. above base of
Telsitna Fm.)  153°40.50' 1 Drepanoistodus sp. indet. Late Ordovician), probably indicative of a tropical type section.
1 Panderodus sp. early Maysvillian because shallow-water depositional
4 indet. coniform fragments corals and brachiopods from setting. C. occidentalis is the
CAI=3.5 this interval indicate a most biostratigraphically
[79APa99a; 11524-CO] Maysvillian age. diagnostic element and a
component of the western
North American Midcontinent
province.
3 (Nixon Medfra C-3 1 ozarkodinid P element (fig. 4V) Age is late Middle-middle Late Paroistodid-panderodid biofacies: Dark-gray-weathering, grayish-
Fork; 63°35.89' 36 Panderodus sp. Ordovician, probably Late faunule represents a distal black micrite in irregular
Telsitna Fm.)  154°01.76'  Paroistodus? n. sp. A of Nowlan and Ordovician on the basis of the (deep shelf to basinal) 20-cm beds; contains graded

others, 1988
28 M & 46 S elements (figs. 40-S)

Periodon grandis (Ethington)?
1 Pa, 1 M & 2 Sc elements (figs. 4W-
Y)

4 Pseudooneotodus mitratus
(Moskalenko) (figs. 4M, N)

13 indet. fragments

6 Strachanognathus parvus Rhodes (figs.
4T, U)

CAI=4.5

[97AD34A; 11510-CO)

morphology of the
ozarkodinid P element.

winnow. Cosmopolitan and
(or) cool-water faunule.

laminae of peloids and
bioclasts (chiefly calcitized
radiolarians and calcareous
and pyritized sponge
spicules, lesser pelmatozoan
and brachiopod fragments).
Sample weight 10.4 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
3 (cont.) Medfra C-3 1 Pb O:zarkodina hassi (Pollock, Rexroad ~ Age is very latest Late Indeterminate; because all Subcrop of dark micrite, beds 2-
(Nixon Fork; 63°35.89' & Nicoll)? (fig. 4AA) Ordovician conodonts are extremely 10 cm thick; contains
Telsitna Fm.)  154°01.80" 12 juvenile Panderodus spp. small, the faunule graded laminae of peloids

4 M elements Paroistodus sp.

1 unassigned multidenticulate Sc element

5 indet. fragments

3 scolecodont fragments

2 Ptiloncodus simplex Harris (not a
conodont; fig. 47)

CAI=4.5.

[97ADwWI124A:11515-CO]

2 Dapsilodus sp.

1 M Paroistodus sp. indet.

Ozarkodina sesquipedalis Nowlan &
McCracken
1 Pa (fragment), 1 Pb & 1 Sb elements

2 Panderodus sp.

7 indet. fragments

CAI=4.5

[76APa58; 8680-CO]

Age is very latest Ordovician

undoubtedly represents a
distal winnow. The entire
fauna (ostracodes, trilobite
fragments [including spines],
and probable radiolarians)
suggests a slope or basin
depositional setting.

Indeterminate (too few

conodonts). The only other
reported occurrence of O.
sesquipedalis is 50-74 m
below the Ordovician-
Silurian boundary in two
sections in the Mackenzie
Mountains, Northwest
Territories (Nowlan and
others, 1988); these sections
are Selwyn basin margin

facies near the platform edge.

The conodonts are more
typical of outer shelf facies,
however, and were probably
hydraulically transported
basinward.

and bioclasts (chiefly
calcitized radiolarians and
calcareous and siliceous
sponge spicules, lesser
ostracodes and pelmatozoan
fragments). A few hundred
meters west of 97AD34.

Heavy-mineral concentrate

includes ferruginous hollow
spines, spine steinkerns,
phosphatized tubes, and
lesser phosphatized
ostracode carapaces (mostly
smooth forms), phosphatic
brachiopod fragments,
composite small phosphatic
grains, possible minor
radiolarians, and rare
trilobite fragments. Sample
weight 7.5 kg.

Dark-gray to black, very fine

grained, thin-bedded to
platy limestone. Same
general locality as 97AD34
and 97ADw124. Sample
weight 2 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
{terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
4 (Nixon MedfraD-2 1 Belodina compressa (Branson & Mehl)  Age is late Middle Ordovician; B.  Mixed biofacies but chiefly Light-gray to brownish-gray,
Fork; 63°50.42' 1 juvenile Belodina sp. compressa Zone (late pelagic realm cosmopolitan thin-bedded. fine-grained
Telsitna Fm.)  153°49.33' 2 Paroistodus sp. Blackriveran, late early (e.g., Periodon, Dapsilodus, limestone. Sample weight 2
2 Drepanoistodus sp. Caradocian) Strachanognathus)), kg.
10 Panderodus unicostatus (Branson & pandemic (Panderodus), and
Mehl) rare tropical cosmopolitan
2 Paroistodus sp. (Belodina) taxa. Rock
Periodon aculeatus Hadding probably represents outer
3Pa, 4 M, 1Sb & 4 Sc element shelf or off-shelf depositional
fragments setting.
1 Staufferella sp.
1 Strachanognathus parvus Rhodes
6 unassigned coniform fragments and
juveniles
CAI=3.5
[76APa34A; 8660-CO]
4 (Nixon Medfra D-2 zarkodina confluens (Branson & Mehl)  Ludlovian-Pridolian (Late Indeterminate (too few Amphipora-bearing dolostone
Fork; 63°52.11" 6Pa, 1Pb, 1M, 18a,1Sb& 1 Sc Silurian and probably not conodonts); O. confluens as and dolomicrite rubble.
Whirlwind 153°50.32' elements early Ludlovian) well as the amphiporids Patton and others (1980)
Creek Fm.?) digyrate apparatus (oulodid?) suggest at least partial mapped these rocks as Od,
2 Pb element fragments restriction. but the conodonts indicate
17 indet. fragments Whirlwind Creek
CAI=2.5-3 Formation. 2 km northwest
[97ADw143B; 12599-SD] of, and apparently
overlying, 76APA34A.
Sample weight 9.5 kg.
5 (Nixon MedfraD-2 8 Belodina? repens Moskalenko s.f. Age is late Middle-Late Indeterminate; likely a distal Massive-bedded, brownish-
Fork; 63°51.50' 5 juvenile belodinids Ordovician, possibly Late winnow into deeper water gray, fine-grained to finely
Telsitna Fm.)  153°31.33' 2 M elements Drepanoistodus sp. Ordovician facies. The species crystalline limestone

13 Panderodus sp.

6 Plectodina? tunguskaensis
(Moskalenko)

1 unassigned Pb element

CAI=3.5

[76APa39; 8679-CO]

association is chiefly
Siberian-Alaskan with minor
pandemics.

containing gastropods,
trilobites, and cephalopods
of probable Ordovician age.
Sample weight 2 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS coliection no.]
subterrane; longitude
unit)
6 (Nixon Medfra D-2 120 Panderodus unicostatus (Branson &  Pt. celloni Zone into K. Panderodid biofacies: postmortem Dark-gray, finely laminated,
Fork; 63°51.80" Mehl) ranuliformis Zone (= late transport from or within a mid fissile micrite. Overlies

Paradise Fork 153°43.08'
Fm.)

7 (Nixon Medfra D-2
Fork; 63°50.92'
Paradise Fork  153°41.33'
Fm.)

8 (Nixon Medfra D-2
Fork; 63°51.67'
Paradise Fork  153°43.08'
Fm.)

Ozarkodina excavata (Branson & Mehl)

1Pa, 1 Pb & 2 Sc elements

Pterospathodus procerus (Walliser) (figs.

4NN-PP)

7 Pa & 2 Pb elements
5 indet. fragments
CAI=2.5
[97ADw103; 12598-SD]

1 incomplete, robust, hyaline, coniform-
like Sc element of Middle Ordovician-

Silurian morphotype
CAI=2 or 3
[97AD8B]

Kockelella patula Walliser

1Pa, 1 Pb & 1 Sb elements (figs.

4QQ-SS)

2 unassigned Sc (2 morphotypes)

elements
4 indet. fragments
CAI=2
[97AD13; 12594-SD]

Llandoverian-very early
Wenlockian; = middle Early
Silurian)

Middle Ordovician-Silurian

+ K. amsdeni Zones of
Barrick and Klapper, 1976).
K. patula has been found with
Cyrtograptus rigidus Zone
graptolites in the Carnic Alps
(Jaeger, 1975). Kleffner
(1995), on the basis of
graphic correlation, indicates
the range of K. patula is
within the C. lundgreni Zone
which, according to him,
occupies most of the middle
Wenlockian.

shelf or slope depositional
setting.

Indeterminate (too few

conodonts).

K. patula Zone (= K. ranuliformis Indeterminate (too few

conodonts); the kockelellids
were derived from a shelf or
platform depositional
environment. K. patula is
common in Europe but rare in
North America.

97AD14 (loc. 1) and
underlies 97ADI13C (loc. 8);
near base of formation.
Same general locality as
77APal 12 (table 2).

Heavy-mineral concentrate
includes pyritized sponge
spicules. Sample weight 7.9
kg.

Light-gray-weathering, grayish-
black, fine-grained
limestone in beds 2-5 cm
thick, with graded laminae
of silt- to sand-sized micritic
clasts. Upper part of unit.

Heavy-mineral concentrate
includes minor schistose
(chloritic-muscovitic)
lithoclasts. Sample weight
9.7 kg.

Medium-gray-weathering,
grayish-black, finely
laminated micrite with
minor calcitized
radiolarians. Several
hundred meters
stratigraphically above
97ADw103 (loc. 6).

Heavy-mineral concentrate
includes minor schistose
(chloritic-muscovitic)
lithoclasts. Sample weight
9.7 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAI Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS collection no.}
subterrane; longitude
unit)
8A (Nixon Medfra D-2 7 juvenile Dapsilodus sp. indet. elements  Conodonts in this sample Indeterminate (too few Dark gray. weakly laminated
Fork; 63°51.50" 1 juvenile Sb? element Oulodus? sp. represent two ages: late conodonts); those that are calcisiltstone with rare
Paradise Fork ~ 153°42.50' indet. Llandoverian to at least latest present are mainly extremely micrite clasts and small
Fm.) 1 Pa element fragment Ozarkodina Ludlovian (Ps. bicornis) and small coniform elements that fossil fragments. Sample
excavata (Branson & Mehl)? late Emsian or even younger indicate a distal winnow. The weight 8.1 kg.
1 Panderodus unicostatus (Branson & Devonian (juvenile conodonts and graptolites Heavy-mineral concentrate
Mehl) element polygnathid). Ps. bicornis has from this collection indicate includes minor
1 juvenile Pa element Polygnathus sp. recently been shown to range mixed ages, making the metacarbonate rock
indet. of late Emsian or younger at least into the O=. sample ineligible for biofacies fragments (talc-actinolite-
Devonian morphotype remscheidensis Zone in analysis. tremolite) and rare
1 Pseudooneotodus bicornis Drygant Sardinia (Corradini and phosphatic brachiopod
element others, 1998); until the fragments.
CAI=2-2.5 Sardininian report the species
[98 ADW206; 12616-SD] had not been reported above
the Wenlockian (Kleffner,
1995). About 20% of the
slabs in 98 ADw206 contained
the graptolite Monograptus
uniformis of early
Lochkovian age (table 2).
We interpret this sample as a
mix of Llandoverian-
Ludlovian, early Lochkovian,
and late Emsian (or younger
Devonian) weakly laminated
limestones.
11 (Nixon Medfra C-2  Kockelella sp. indet. or another Silurian Silurian, late Llandoverian into Indeterminate (too few Brownish-gray limestone.
Fork; 63°40.33' digyrate apparatus late Ludlovian conodonts). Normal-marine Sample weight 2.5 kg.
Paradise Fork 153°57.52' 3 Pb, 3 M & 2 Sb elements depositional setting.
Fm.) CAI=2.5-3
[77APal30; 9145-CO]
12 (Nixon Medfra C-3 3 Panderodus sp. Middle Ordovician-Silurian Indeterminate (too few Light-brownish-gray limestone.
Fork; 63°37 10 indet. coniform fragments (other coniform elements are conodonts). Sample weight 2.7 kg.
Paradise Fork  154°00.75' CAI=4.5 not Devonian morphotypes)
Fm.) [77APal34; 9146-CO]
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Table 1. Conodont data for localities shown on figure 2—Continued.

Conodont fauna and CAl
[field no.; USGS collection no.]

Age

Biofacies

Remarks

Locality no., Quadrangle
{terrane or latitude/
subterrane; longitude
unit)
13 (Nixon Medfra D-2
Fork; 63°50.23'
Whirlwind 153°44 .47
Creek Fm.)

Medfra D-2
63°50.08'
153°45.30

14 (Nixon Medfra D-2
Fork: 63°48.80'
Whirlwind 153°33.27
Creek Fm.)

BARREN
[97AD12]

1 Dapsilodus sp. element

2 Sb elements of "Ligonodina" confluens
confluens of Jeppsson (1972)

Ozarkodina confluens (Branson & Mehl)
(at least 3 morphotypes)
19 Pa, 7 Pb, & 2 Sb elements

Ozarkodina excavata (Branson & Mehl)
1 Saand 1 Sb elements

4 Panderodus unicostatus (Branson &
Mehl) elements

CAI=2.5

[98ADw211; 12617-SD]

1 Pb element fragment Oulodus sp. indet.
zarkodina remscheidensis (Ziegler)
8 Pa elements (mostly incomplete)
O:zarkodina confluens (Branson & Mehl)
or Pandorinellina optima
(Moskalenko)
7 Pa elements (mostly incomplete)
Orzarkodina spp. indet.
2 Pa, 3 Pb (2 morphotypes). 4 M, 2
Sa, 10 Sb & 5 Sc elements
99 chiefly incomplete Panderodus spp.
elements
174 indet. fragments
CAI=4

Late Silurian; within A.

ploeckensis Zone to very high
in the Oz. remscheidensis
Zone (middle Gorstian
[=within early Ludlovian] to
within the late Pridolian)

Age is late Ludlovian-Pridolian

(Late but not earliest Late
Silurian) or late Lochkovian
(late early Early Devonian);
probably the Silurian range
because of the variety of O.
remscheidensis morphotypes
and because the 7 Pa elements
attributed to either O.
confluens (a Late Silurian
species) or Pa. optima (a late
Lochkovian species) are more
like O. confluens.

Ozarkodinid biofacies; these

conodonts were deposited in
the shallow part of the
ozarkodinid biofacies, as O=.
confluens is chiefly a shallow-
water species.

Panderodid biofacies; the

panderodids and the type of
ozarkodinids indicate a
shallow-water depositional
setting. The abundant but
chiefly broken conodonts
indicate a high-energy setting.

Thick-bedded to massive, light-

gray, vuggy dolostone,
locally cherty, with molds
of brachiopods(?), underlies
Amphipora-bearing
dolostone. Mapped by
Patton and others (1980) as
Paradise Fork Formation
[Sls] but represents shallow-
water facies. Lies just
above Sls. Sample weight
9.1 kg.

Thick-bedded, finely crystalline

dolostone; 1 km west of,
and at a stratigraphic level
close to, 97AD12. Sample
weight 10.3 kg.

Skeletal packstone in 3-20 cm

beds; about 2-3 m of section
here. Mapped by Patton
and others (1980) as
Telsitna Ridge Formation
[Od], but the conodonts
suggest this sample is from
the Whirlwind Creek
Formation. Strata appear to
overlie Od. Sample weight
9.9 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
15 (Nixon Medfra B-4  Qulodus n. sp. Wenlockian-middle Pridolian Oulodid-ozarkodinid biofacies: Limestone in thrust sheet at
Fork; 63°18.67' 2 Pa, 1 Pb. 4 Sa, 2 Sb & 2 Sc elements (late Early-Late, but not shallow-water, relatively high Limestone Hill, mapped as
Whirlwind 154°34.17 (distinctive oulodid with outer lower latest, Silurian.) energy depositional setting. Telsitna Formation [Od] by
Creek Fm.) margin of cusp extended as prong on Patton and others (1980).
the Pa, Sa & Sb elements) Sample weight 6.0 kg.
Ozarkodina confluens (Branson & Mehl)?
1 Pa, 2Pb,3 M, 1 Sa & 6 Sc elements
4 indet. fragments
CAI=3.5
[79APa82B; 11994-SD]

16 (East Medfra A-3 2 Cordylodus proavus Miiller Age is latest Late Cambrian (Co.  Indeterminate (too few Subcrop of medium-gray-
Fork; East 63°09.25' 1 Hirsutodontus hirsutus Miller proavus Zone through conodonts). weathering, medium-gray,
Fork Hills 154°02.29" 2 indet. coniform elements succeeding Co. intermedius fine-grained limestone in

Fm.) CAI=5 Zone) beds 0.5 to 5 cm thick with

[97AD30B; 11508-CO]

3 indet. coniform elements
CAI=4.5
[D8-26]

Age is latest Cambrian-Devonian

grayish-orange dolomitic
layers, parallel- and cross-
laminated. Minor quartz
and plagioclase silt. Type
section of East Fork Hills
Formation.

Heavy-mineral concentrate
includes muscovite,
lithoclasts, and rare
phosphatic brachiopod
fragments. Sample weight
7.5 kg.

Schistose limestone. Same
general locality as
97AD30B. Sample weight
29 kg.

Indeterminate (too few
conodonts).
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude

unit)

17 (East Medfra B-3  Many conodonts are deformed. Age is latest Late Cambrian (Co.  Cordylodid biofacies: fauna Goaod outcrop of gray- and
Fork; East 63°21.10" 31 Cordylodus proavus Miiller (fig. 4D) proavus Zone through includes chiefly open-marine yellow-weathering, very
Fork Hills 154°06.44' 9 Eoconodontus notchpeakensis (Miller) succeeding Co. intermedius pandemic forms (cordylodids, fine grained limestone in

Fm.) (fig. 4E) Zone) teridontids, and mm to 8-cm beds with
22 Hirsutodontus hirsutus Miller (figs. eoconodontids) and minor parallel- and cross-
4A-C) tropical cosmopolites (H. laminations and climbing
57 Teridontus nakamurai (Nogami) (fig. hirsutus). Outer shelf or ripples. Silty laminae
4F) deeper depositional setting. contain dolomite, quartz,
109 indet. and unassigned fragments plagioclase, white mica, and
CAI=5-5.5 metamorphic lithic clasts.
[97AD32C; 11509-CO] Sample weight 9.3 kg.
1 Cordylodus proavus Miiller Age is latest Cambrian-very early Indeterminate (too few Silty limestone. Same general
1 Teridontus nakamurai (Nogami) Early Ordovician conodonts); conodonts are locality as 97AD32C.
CAl=about 5 pandemics but would not Sample weight 2.8 kg.
[P5-27; 8841-CO] likely occur in restricted
shallow-water marine
deposits.

18 (East Medfra B-3  Ansella sp. indet. Pygodus anserinus Zone (middle  Periodontid-protopanderodid Medium-gray-weathering, dark-
Fork; East 63°25.99' 1 Pa, 1 M, 1Sb & 1 Scelements Middle Ordovician) biofacies: slope to basinal gray, fine-grained limestone
Fork Hills 154°07.40' 2 Belodina sp. depositional setting. in 2- to 5-cm beds that are

Fm.) 3 Drepanoistodus sp. delineated by orange silty

Erraticodon balticus Dzik
1Pa,2M,2Sb & 1 Sc elements

13 Panderodus sp.

2 Paroistodus? mutatus (Rhodes)

Periodon aculeatus Hadding
25 Pa, 8 Pb, 51 M, 7 Sa, 26 Sb & 27
Sc elements

33 Protopanderodus cf. P. varicostatus
(Sweet & Bergstrom)

Pygodus anserinus Lamont & Lindstrom
3 P & 20 S elements

1 Spinodus ramosus (Hadding)

57 indet. fragments

CAI=4.5

[97AD29C; 11507-CO}

laminae; interbedded with
tan-weathering, dark-gray to
black cherty argillite.
Limestone contains 5-15%
bioclasts, mostly
radiolarians (some
calcitized) and lesser
pelmatozoan fragments.

Heavy-mineral concentrate
includes phosphatized
grains and bioclasts and
phosphatic brachiopod
fragments. Sample weight
9.7 kg.
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS coliection no.]
subterrane; longitude

unit)

19 (East Medfra B-3 1 Panderodus sp. indet. Middle Ordovician-Middle Indeterminate (too few Medium-gray-weathering,
Fork; East 63°28.28 CAl=indet. Devonian conodonts). medium-dark-gray., fine-
Fork Hills 153°59.80" [97AD28A] grained limestone in 1- to 2-

Fm.) cm beds with yellow.
dolomitic, peloidal laminae.
Sample weight 9.7 kg.
1 juvenile belodinid Age is early, but not earliest, Indeterminate (too few Medium-dark-gray limestone.
1 juvenile Panderodus sp. indet. Middle and Late Ordovician conodonts); postmortem Same general locality as
CAI=6-6.5 winnow. 97AD28A. Sample weight
[D7-24; 8861-CO} 3.0 kg.
20 (East MedfraB-3 3 small coniform elements of an Ordovician-Devonian Indeterminate (too few Sample weight 3.2 kg.
Fork; East 63°21' icriodid(?) or an Early Ordovician conodonts); distal winnow.
Fork Hills 154°13' coniform apparatus
Fm.) CAI=4.5-5
[78ADu24; 9977-8SD]

21 (East Medfra A-2 3 coniform elements Late Ordovician- Silurian-early Early Devonian Indeterminate (too few Dark-gray, laminated, fine-
Fork; East 63°05.77' earliest Devonian morphotype conodonts); normal-marine grained limestone.

Fork Hills 153°53.83' 1 P element fragment of Silurian- depositional setting.
Fm.) Devonian morphotype
CAI=3.5
[76APal12; 9731-SD}

22 (East Medfra A-2 1 Pa Fognathodus cf. E. sulcatus (Philip)  Pragian (middle Early Devonian) Indeterminate (too few Sample weight 2 kg.
Fork; East 63°05.13' 1 Pa Ozarkodina sp. indet. conodonts); normal-marine
Fork Hills 153°54.45" CAI=5.5 depositional setting.

Fm.) [78ADu27; 9978-SD]
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Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
{terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
23 (Telida; Medfra D-1 2 Cordylodus intermedius Furnish (fig. Age is early Early Ordovician Laurentoscandodid-rossodid Distal, thin-bedded, silty
chert and 63°59.17 4G) (Rossodus manitouensis biofacies; tropical, normal- limestone turbidites with
argillite unit) 153°17.67'" 6 Drepanoistodus cf. D. pervetus Nowlan Zone; early Ibexian). marine shelf or platform local black carbonaceous
(fig. 4H) This collection is the same age depositional setting. Species partings. Sample is from

12-cm-thick bed of
medium-dark-gray, fine-
grained, dolomitic limestone

association includes some
North American Midcontinent
elements, but tropical

18 unassigned drepanodontiform elements
18 Laurentoscandodus triangularis
(Furnish) (fig. 4])

and contains many of the
same conodont species as the
oldest samples from the type
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1 New genus & new species?

4 Oneotodus simplex Furnish

3 "Oneotodus" cf. "O." variabilis
Lindstrém

13 Rossodus manitouensis Repetski &
Ethington (fig. 41)

3 Rossodus? sp.

1 unassigned scandodontiform element

8 Scolopodus sulcatus Furnish (fig. 4K)

6 Variabiloconus bassleri (Furnish) (fig.
4L)

7 unassigned coniform elements

CAI=4

[97ADwW116A; 11513-CO]

section of the Novi Mountain
Formation in the Medfra D-1
quadrangle.

cosmopolites and some
pandemics predominate.

with parallel- and cross-
laminations and starved
ripples; laminae contain
peloids and lesser quartz
and plagioclase silt. Pzc
map unit of Patton and
others (1980).

Heavy-mineral concentrate

includes schistose grains.
Sample weight 8.6 kg.



Table 1. Conodont data for localities shown on figure 2—Continued.

Locality no., Quadrangle Conodont fauna and CAl Age Biofacies Remarks
(terrane or latitude/ [field no.; USGS collection no.]
subterrane; longitude
unit)
33 (Telida;  Mt. McKinley Aspelundia expansa Armstrong Age is early Early Silurian: Aspelundid-coniform biofacies. Light-olive-gray-weathering,
argillite and D-5 4 Pb and 1 M elements (figs. 4BB- middle-late Llandoverian but Post-mortem transport from medium-dark- to dark-gray.
quartzite 63°55.08' DD) could be middle or within this biofacies, which very fine grained dolomitic
unit) 152°10" Aspelundia fluegeli (Walliser) Llandoverian. According to represents outer shelf or slope micrite with silty laminae
3 Pa. 4 Pb. 1 Sbl & 1 Sb2 elements Armstrong (1990). depositional setting according rich in calcareous sponge
(figs. 4EE-GG) Aspelundia expansa may not to Armstrong (1990). spicules, quartz. and lesser
Aspelundia spp. vicarious elements extend above the middle plagioclase. From 20-cm
8 M, 2 Sb & 9 Sc (some of the Sc Llandoverian. chunk presumed fallen from
elements could belong in Ozarkodina) adjacent cliffs and
(fig. 4HH) interbedded with argillite
1 fragment Carniodus? sp. indet. and sandstone.
Dapsilodus obliquicostatus (Branson & Heavy-mineral concentrate
Mehl) (figs. 4JJ-MM) includes phosphatized
4 M & 30 S elements bioclasts and rare
1 Sb element Distomodus sp. indet. (fig. phosphatic brachiopod
411) fragments and phosphatized
1 unassigned oistodontiform element of radiolarians. Sample weight
Ordovician morphotype 4.2 kg.

1 Pa? element Ozarkodina? sp. indet.

31 Panderodus unicostatus (Branson &
Mehl)

2 Walliserodus sp. indet.

1 unassigned Sb element

1 unassigned Sc element of deep-water
morphotype

94 indet. fragments

CAI=4-4.5

[97AD34C; 12597-SD]
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Figure 3. A, View to south of shallow-water facies (coralline dolostone) in the upper part of the Telsitna Formation (fig. 2, loc. 1) overlain
by deep-water facies (shale and fissile to laminated limestone) in the lower part of the Paradise Fork Formation (fig. 2, locs. 6, 8); Nixon Fork
terrane. B, C, Sedimentary features of the upper part of the Telsitna Formation (fig. 2, loc. 3). B, Lamina rich in peloids and calcitized radi-
olarians; station 97AD34. C, Calcareous sponge spicules in micrite; station 97ADw124.

the Medfra quadrangle (Patton and others, 1980). It is generally We examined the Paradise Fork Formation at six partial
poorly exposed, but appears to be at least 1,000 m thick (Dutro sections in and near its type locality (fig. 2, locs. 6-10) and reex-
and Patton, 1982). Dutro and Patton (1982) assigned a middle amined conodont collections from two additional sections (fig. 2
Early Silurian age to the Paradise Fork based on graptolites and  and table 1, locs. 11, 12). The lower part of the Paradise Fork
ostracodes and suggested that the unit was deposited in a rela- (locs. 6, 8, 9) is grayish-brown-weathering, dark-gray to black,

tively deep water setting. Our studies confirm a deep-water dep-  fissile to laminated limestone and limy shale in 3- to 5-cm-thick
ositional environmental for this unit but indicate that it is, in part,  beds. Limestones are micrite and calcareous siltstone with 5-20
as young as Early Devonian. percent calcitized radiolarians and rare calcareous and pyritized
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sponge spicules (figs. 5B, 5C); fine dolomite rhombs and rare
quartz silt form the laminae. The upper part of the formation
(locs. 7, 10) is chiefly light-gray-weathering, medium-gray to
black limestone with tan-weathering dolomitic partings (fig. 54).
Beds are 1-15 cm thick (most <5 cm), with well-developed par-
allel- and cross-laminae, and consist of graded alternations of
fine- to medium-grained calcareous sandstone, siltstone, and
micrite. Sandy layers contain rounded to irregular micrite clasts
(40400 um) in a sparry matrix (fig. 5D); rare bioclasts in these
strata include pelmatozoan debris (locally silicified), ostracodes,
calcareous sponge spicules, and calcitized radiolarians. Minor
metamorphic lithic clasts occur in coarser layers and laminae
throughout the formation (table 1, locs. 7, 8, 8A). The uppermost
part of the Paradise Fork, known only from a single rubble out-
crop (loc. 8A), is dark-gray, weakly laminated calcisiltstone with
rare micritic clasts and fossil fragments.

Conodont collections support a middle Early Silurian age
for much of the Paradise Fork Formation, but the uppermost part
of the unit is at least as young as Early Devonian. Fissile, very
finely laminated limestone near the base of the unit, at about the
same locality and horizon that produced late Llandoverian to
early Wenlockian graptolites (table 2, loc. 6) (Dutro and Patton,
1982), yielded late Llandoverian to very early Wenlockian con-
odonts that indicate post-mortem transport from or within a mid-
shelf or slope depositional setting (table 1, loc. 6; figs. 4NN—
4PP). Laminated limestone a few hundred meters higher in the
section contains early to middle Wenlockian conodonts (table 1,
loc. 8; figs. 40Q-4SS) redeposited from a shelf or platform envi-
ronment. Dutro and Patton (1982) reported ostracodes of proba-
ble Wenlockian age from near the top of the Paradise Fork, and
no fossils younger than Wenlockian have been found in outcrop.
An isolated rubble outcrop, however, 0.5 km southeast of local-
ity 8 (tables 1 and 2, loc 8A), yielded a mixed fauna that indi-
cates a surprisingly young age for the uppermost part of the
Paradise Fork. A single collection of apparently uniform lithol-
ogy from this locality contained numerous specimens of the
early Lochkovian graptolite Monograptus uniformis. Conodonts
from the same collection are of two ages: late Llandoverian to at
least latest Ludlovian and late Emsian or even younger Devo-
nian. This collection most likely represents rubble derived from
arelatively condensed section of Wenlockian to Emsian (or pos-
sibly even younger Devonian) age.

The Paradise Fork Formation originated as hemipelagic
deposits and distal turbidites derived from a carbonate platform.
Fine-grained "background" sediment (laminated radiolarian-
bearing micrite) predominates in the lower part of the unit. Tur-
bidites (calcareous siltstone and sandstone) are most notable in
the upper part of the section and increase upward in thickness
and abundance. The uppermost section appears extremely con-
densed.

In the southern part of its type locality (fig. 2, loc. 13), the
Paradise Fork Formation interfingers with shallow-water strata.
These rocks are thick- to massive-bedded, light-gray, vuggy
dolostone with locally abundant tubular stromatoporoids
(Amphipora sp.). A sample from locality 13 contained conodonts
of early Ludlovian to late Pridolian age; strata here are lithologi-
cally similar to, and probably correlative with, the lower part of
the Whirlwind Creek Formation of Late Silurian—Early Devo-
nian age (Dutro and Patton, 1982).

Fault blocks adjacent to those containing the Paradise Fork
Formation display a different Silurian stratigraphy. Six kilome-
ters west of the Paradise Fork type locality (fig. 2, loc. 4),
Ordovician deep-water limestone at the top of the Telsitna For-
mation is overlain by Upper Silurian amphiporid dolostone;
strata equivalent in age and lithology to the lower part of the Par-
adise Fork are missing. A similar sequence occurs 8 km east of
the Paradise Fork type locality (fig. 2 and table 1, loc. 14), where
shallow-water skeletal packstone of probable late Late Silurian
age overlies deep-water Ordovician facies. Deep-water Silurian
rocks are also absent from Nixon Fork sections throughout the
southern half of the Medfra quadrangle (Patton and others,
1980). In this area, shallow-water facies of the Whirlwind Creek
Formation directly overlie the Telsitna Formation (Dutro and
Patton, 1982). The age of the lower part of the Whirlwind Creek
is not well constrained. Dutro and Patton (1982) suggested that
the basal strata are Ludlovian or younger, but a conodont collec-
tion that could be as old as Wenlockian was obtained from local-
ity 15 (table 1).

Deep-water strata of the Paradise Fork Formation are thus
quite limited in extent but not in age. They appear to have
formed in a small, relatively long lived basin that developed
within the Nixon Fork platform. Deep-water facies found in
some sections of the upper Telsitna Formation suggest that basi-
nal conditions were locally established by Late (possibly late
Middle) Ordovician time. Shallow-water strata precisely coeval
with the thick Lower Silurian part of the Paradise Fork Forma-
tion have not yet been identified in the Nixon Fork terrane. The
condensed, upper part of the Paradise Fork interfingers with
shallow-water facies of Late Silurian age.

Minchumina Terrane

The Minchumina terrane lies directly southeast of the
Nixon Fork terrane in the Medfra and Mt. McKinley quadran-
gles and extends some 300 km into the Kantishna River quad-
rangle (fig. 1). Two subterranes are recognized (Patton and
others, 1994). The East Fork subterrane is confined to the
Medfra quadrangle and comprises the East Fork Hills Forma-
tion (Upper Cambrian through Lower Devonian; age revised
herein). The more extensive Telida subterrane consists of
sparse, discontinuous exposures of Precambrian(?) and
Paleozoic rocks.

East Fork Subterrane

The East Fork Hills Formation is a sequence of laminated,
locally dolomitic limestone that forms a northeast-trending belt
at least 60 km long and 40 km wide in the southeastern part of
the Medfra quadrangle (Patton and others, 1980) (fig. 1). The
unit was named by Dutro and Patton (1982), who reported a
thickness of several hundred meters, an age (based on sparse
conodont collections) of Early Ordovician to Middle Devonian,
and a deep-water depositional environment. Exposures of the
East Fork Hills Formation are uniformly poor, and relations with
other units are obscure. Shallow-water facies of the Nixon Fork
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Figure 4. Early Paleozoic conodonts from deep-water facies in the
Medfra area, central Alaska (scanning electron photomicrographs); fig-
ure 4Zis not a conodont. lllustrated specimens are reposited in the U.S.
National Museum, USNM, Washington, D.C. See table 1 for lithostrati-
graphic description, faunal analysis, and age assignment of collections
and figure 2 for their geographic and geologic position.

A-F, very Late Cambrian, East Fork Hills Formation, USGS
colln. 11509-CO (fig. 2, loc. 17), x100 except D x50.
A-C, Hirsutodontus hirsutus Miller, antero-lateral and
two lateral views, USNM 497666-68.
D, Cordylodus proavus Miiller, outer lateral view,
USNM 497669.
E, Eoconodontus notchpeakensis (Miller), outer lateral
view, USNM 497670.
F, Teridontus nakamurai (Nogami), outer lateral view,
USNM 497671.

G-L, Rossodus manitouensis Zone, early Early Ordovician,
argillite and quartzite unit, Telida subterrane,
USGS colln. 11513-CO (fig. 2, loc. 23), x100.

G, Cordylodus intermedius Furnish, outer lateral view,
USNM 497672.

H, Drepanoistodus cf. D. pervetus Nowlan, outer lateral
view, USNM 497673.

|, Rossodus manitouensis Repetski and Ethington,
antero-lateral view, USNM 497674.

J, Laurentoscandodus triangularis (Furnish), outer lat-
eral view, USNM 497675.

K, Scolopodus sulcatus Furnish, postero-lateral view,
USNM 497676.

L, Variabiloconus bassleri (Furnish), inner lateral view,
USNM 497677.

M-Y, late Middle-Late Ordovician, upper part of Telsitna
Formation, USGS colln. 11510-CO (fig. 2, loc. 3),
x100.

M, N, Pseudooneotodus mitratus (Moskalenko), upper
and lateral views, USNM 497678.

0-S, Paroistodus? sp. A of Nowlan and others (1988),
inner and outer lateral views of two S ele-
ments and inner lateral view of M element,
USNM 497679-81.

T, U, Strachanognathus parvus Rhodes, outer and inner
lateral views, USNM 497683-84.

V, Ozarkodinid P element, outer lateral view, USNM
497685.

W-Y, Periodon grandis (Ethington)?, M, Pa, and Sb ele-
ments, two inner and an outer lateral views,
USNM 497686-88.

Z, AA, very latest Late Ordovician, upper part of Telsitna
Formation, USGS colln. 11515-CO (fig. 2, loc. 3).

Z, Ptiloncodus simplex Harris, lateral view, x125, USNM
497689. This phosphatic microfossil is known
chiefly as discrete elements but does occur in
clusters (Tipnis, 1979); its taxonomic affinities
remain uncertain. It is rare to common in late
Early to Late Ordovician conodont collections
in North America.

AA, Ozarkodina hassi (Pollock, Rexroad, and Nicoll)?,
Pb element, inner lateral view, x75, USNM
497690.

BB-MM, middle and late Llandoverian, argillite and quartz-
ite unit, Telida subterrane, USGS colln. 12597-SD
(fig. 2, loc. 33), x75 except DD x65.
BB-DD, Aspelundia expansa Armstrong, Pb and M ele-
ments, inner and outer lateral views of Pb and
inner lateral view of M, USNM 497691-92.
EE-GG, Aspelundia fleugli (Walliser), Pb, Pa, and Pb
elements, inner, inner, and outer lateral views,
USNM 497693-95.
HH, Aspelundia sp. indet. vicarious Sb element, inner
lateral view, USNM 497696.
I, Distomodus sp. indet., Sb element, inner lateral view,
USNM 497697.
JJ-MM, Dapsilodus obliquicostatus (Branson & Mehl),
three Sand 1 M (fig. 4AMM) elements, two inner
and two outer lateral views, USNM 497698-
700.

NN-PP, Pterospathodus celloni Zone into K. ranuliformis
Zone, late Llandoverian and very early Wenlock-
ian, lower part of Paradise Fork Formation, USGS
colln. 12598-SD (fig. 2, loc. 6), Pt. procerus (Wall-
iser), Pa and Pb elements, upper and inner lateral
views, x75, USNM 497701-03.

QQ-SS, Kockelella patula Zone, lower part of Paradise
Fork Formation, USGS colln. 12594-SD (fig. 2, loc.
8), K. patula Walliser, Pb, Sb, and Pa elements,
inner lateral and upper views, x50, USNM 497704-
06.

terrane occur in fault contact to the northwest and deeper water
facies of the Telida subterrane are exposed to the east and north-
east (Patton and others, 1980) (fig. 2).

Our studies revise the age of the East Fork Hills Formation
to Late Cambrian through Early Devonian and indicate that at
least three subunits can be distinguished based on lithofacies
and conodont faunas. The first subunit makes up the central part
of the outcrop belt (fig. 2, locs. 16, 17) and includes the type
locality (loc. 16) along the crest of the East Fork Hills. Thin-
bedded (0.5 to 8 cm), fine-grained, medium-gray limestone and

grayish-orange silty limestone comprise this subunit; beds
contain parallel-laminae and small-scale cross-laminae, climb-
ing ripples, and possible flute casts. Limestone layers are chiefly
slightly recrystallized micrite. Silty layers are finely crystalline
(40-60 um) dolomite with 1-15 percent detrital grains (mostly
quartz, plagioclase feldspar, white mica, and metamorphic lithic
clasts). Collections from this subunit produced phosphatic bra-
chiopod fragments and latest Late Cambrian conodonts indica-
tive of an outer-shelf or deeper depositional setting (table 1, locs.
16, 17; figs. 4A—4F).
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Figure5. Sedimentaryfeatures of the Paradise Fork Formation, Nixon Fork terrane. A, Thin-bedded, fine-grained, distal carbonate turbidites;
upper part of unit (fig. 2, loc. 7). B, C. Photomicrographs of calcitized radiolarians in micrite matrix; lower part of unit (fig. 2, loc. 8). 0, Photo-
micrograph of turbidites shown in A, made up of sand- to silt-sized micrite clasts in sparry calcite matrix.

The second subunit forms a fault-bounded block along the
northwestern edge of the outcrop belt (fig. 2, locs. 18, 19, 20). It
consists chiefly of limestone with subordinate dark chert and
siliceous siltstone; basalt rubble occurs at locality 18. Limestone
is slightly recrystallized micrite with thin concentrations of
peloids and (or) bioclasts, including locally abundant calcitized
radiolarians and rare pelmatozoan and brachiopod fragments.
Some samples contain thin laminae of chert or dolomite; noncar-
bonate detritus (<5 percent of most samples) is largely white mica
and clasts of silty argillite. Where biostratigraphically diagnostic,
conodonts from this subunit are of middle Middle Ordovician age
and indicate a slope to basinal setting (table 1, loc. 18).

A distinctive conodont fauna delineates a third subunit of
the East Fork Hills Formation in the southeastern part of the out-
crop belt. Dark-gray, fine-grained, laminated limestone at two
localities contains the youngest conodonts definitively identified
from this formation (fig. 2 and table 1, locs. 21, 22). One collec-
tion could be as old as Silurian but is no younger than early
Early Devonian (Lochkovian); the other is of middle Early
Devonian (Pragian) age. Conodonts from both samples denote a
normal-marine depositional setting.

Lithofacies, sedimentary structures, and conodont biofacies
suggest an outer-shelf or deeper depositional setting for all three
subunits of the East Fork Hills Formation. Laminated limestones
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Table 2. Other fossil data for localities shown on figure 2.

[Letters in field number refer to collector: CH, R. Chapman and M. Churkin; Dw, D.C. Bradley; Pa, W.W. Patton, Jr.; Rb and Wr, F.R. Weber]

Age

Source

Locality no. Quadrangle
(terrane or latitude/ Fauna
subterrane; unit) longitude [field no.; USGS collection no.]
6 (Nixon Fork; Medfra D-2 Graptolites: Monograptus cf.
Paradise Fork Fm.) 63°51.80' M. parapriodon Boucek,
153°43.08’ Paraplectograptus aff. P.
eiseli (Manck)
[77APal112B]
8A (Nixon Fork; Medfra D-2 Graptolites: Monograptus
Paradise Fork Fm.) 63°51.50’ uniformis Pribyl
153°42.50' [98ADwW206]
28 (Telida; Mt. McKinley D-5  Graptolites: poorly preserved
chert and argillite 63°53.17' Orthograptus(?) cf. O.
unit) 152°11" quadrimucronatus (Hall)
[79CH89]
29 (Telida; Mt. McKinley D-5  Graptolites: Orthoretiolites
chert and argillite 63°51.5' hami Whittington and
unit) 152°12' Orthograptus sp.
[79CH88]
35 (Telida; Mt. McKinley D-5  Corals: Favosites(?)
argillite and 63°53' [59ARD86] (in place) and
quartzite unit) 152°9.5" Xystriphyllum sp.

[78AWr8] (float—may not
be from argillite and
quartzite unit)

Early Silurian (late
Llandoverian-carly
Wenlock; probably late
Llandoverian,
Monoclimacis crenulata
Zone

Age is early Early Devonian
(Lochkovian; Monograptus
uniformis Zone)

Middle Ordovician (approx. C.
tubuliferous Zone)

Middle Ordovician (approx. C.
tubuliferous Zone)

Silurian or Devonian;
Xystriphyllum sp. is
restricted to latest Silurian
(Pridolian)-early Middle
Devonian

Written report from C. Carter
to W.W. Patton, Jr., 1978

Written report from S.
Finney, California State
University (Long Beach),
to D. Bradley, 1998

Written report from C. Carter
to R. Chapman, 1979

Weritten report from C. Carter
to R. Chapman, 1979

Written report from W.A.
Oliver, Jr., to F.R. Weber,
1997. Favosites(?) was
originally identified
(Oliver and others, 1975;
Chapman and others,
1981) as Saffordophyllum
sp. of Middle-Late
Ordovician age

formed as hemipelagic deposits and distal turbidites derived from
a carbonate platform. “Common” penecontemporaneous slump
structures reported by Patton and others (1980) imply a slope
environment for at least some parts of the unit. Radiolarians and
periodontid and protopanderodid conodonts in the second subunit
indicate that it may have accumulated in somewhat deeper water
conditions than did the rest of the East Fork Hills Formation.

Telida Subterrane

Exposures in the Telida subterrane are scarce, discontinu-
ous, and have yielded few fossils, so the detailed stratigraphy of
these rocks remains uncertain. Patton and others (1994)
recognized four units, in ascending stratigraphic order: (1)

pre-Ordovician limestone and phyllite; (2) pre-Ordovician(?)
and Ordovician argillite and quartzite; (3) Ordovician (and
younger?) chert and argillite; and (4) Middle to Upper Devonian
limestone. We report here new lithologic and paleontologic data
from the argillite and quartzite unit and the chert and argillite
unit in the Medfra and Mt. McKinley quadrangles. Our studies
suggest that the chert and argillite unit is older than at least
some parts of the argillite and quartzite unit.

Chert and Argillite Unit

The chert and argillite unit includes map units Pzc (lower
Paleozoic chert and phyllite of Patton and others, 1980) in the
Medfra quadrangle, DOc (Ordovician through Devonian chert)
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in the northwestern part of the Mt. McKinley quadrangle (Chap-
man and Yeend, 1981), and Oc (Ordovician chert and slate unit)
in the western Kantishna River quadrangle (Chapman and oth-
ers, 1975). We examined this unit at six localities in the study
area (fig. 2, locs. 23-28).

The westernmost outcrops of the chert and argillite unit
occur in a fault block bounded by fragments of the Nixon Fork
terrane (figs. 1, 2; locs. 23-25). Discontinuous exposures along
the Sethkokna River consist of fine-grained limestone, silty
dolostone, argillite, and chert; all lithologies are thin bedded
(<0.5-12 cm, most 2-5 cm) with black carbonaceous partings.
Carbonate rocks are medium to dark gray, weather olive gray to
dark yellowish brown, and are locally graded, with well-devel-
oped parallel- and cross-laminae, starved ripples, and load casts
(figs. 6A, 6B). Samples consist of slightly recrystallized calcite
and (or) dolomicrite, locally abundant peloids and calcareous
sponge spicules, and <5-50 percent detrital quartz, plagioclase,
and metamorphic lithoclasts (fig. 6C). Chert is dark gray to
brown to black and contains siliceous sponge spicules and radi-
olarian ghosts (fig. 6D).

Exposures of the chert and argillite unit in the Mt. McKin-
ley quadrangle are similar to those in the Medfra quadrangle but
lack a carbonate component (fig. 2, locs. 26-28). Rubble in the
Snohomish Hills is laminated, very light gray to black, spicu-
litic, radiolarian chert and lesser tan argillite; outcrops at Lake
Minchumina are light olive gray silty argillite.

The chert and argillite unit yields fossils of Early and Mid-
dle Ordovician age (table 1, loc. 23; table 2, locs. 28, 29). Lime-
stone in the Medfra quadrangle (loc. 23) produced abundant
conodonts of early Early Ordovician age (Rossodus manitouen-
sis Zone; figs. 4G—4L); this fauna is the same age as the oldest
part of the Novi Mountain Formation in the Nixon Fork terrane
and contains many of the same species found in Novi Mountain
samples. Argillite contains late Middle Ordovician (Caradocian)
graptolites at Lake Minchumina (fig. 2 and table 2, locs. 28, 29)
and a less diagnostic fauna of Middle(?) Ordovician age in the
southwestern part of the Kantishna River quadrangle, 50 km to
the north (Chapman and others, 1981).

Lithofacies, sedimentary structures, and biofacies indicate
an off-platform setting for the chert and argillite unit. Calcareous
beds are distal turbidites, derived at least in part from the Nixon
Fork terrane. Argillite and chert formed as hemipelagic deposits.

Argillite and Quartzite Unit

We examined the argillite and quartzite unit at five locali-
ties (fig. 2, locs. 30—34). These rocks are mapped as Pzp€q (Pre-
cambrian or lower Paleozoic quartzite, grit, and argillite) in the
Medfra quadrangle (Patton and others, 1980), DOs (Ordovician
to Devonian shaly rocks) in the northwestern part of the Mt.
McKinley quadrangle (Chapman and Yeend, 1981), and €qs
(Cambrian quartzite, metasiltstone, slate, and grit) in the western
Kantishna River quadrangle (Chapman and others, 1975).

Along Munsatli Ridge (fig. 2, locs. 30, 31) and on the east
side of Lake Minchumina (fig. 2, loc. 32), the argillite and
quartzite unit consists chiefly of sandstone, pebbly sandstone,
and fine-grained conglomerate in slabby beds 3—10 cm thick.
Fresh surfaces are parallel-laminated and range from very pale
orange to olive or blue-gray. Some sandstones are graded, and

some contain thin argillite interbeds. Sandstone samples are very
poorly sorted; most are medium grained but contain notable (5—
10 percent) outsized clasts, 4-10 mm in diameter. Clasts are
angular to rounded and are chiefly monocrystalline quartz (Qm)
with undulous extinction (Qm=60-95 percent, generally >80
percent). Other framework grains include feldspar (both plagio-
clase and microcline, based on twinning), polycrystalline quartz,
metasedimentary lithic clasts, and rare tourmaline. Matrix,
mostly finely intergrown quartz and phyllosilicates, makes up <5
to >30 percent of the samples examined. Grain boundaries are
generally recrystallized, and some samples are semischists.

More heterogeneous strata also included in the argillite and
quartzite unit crop out along the northeastern shore of Lake Min-
chumina (fig. 2, locs. 33, 34). These rocks consist of strongly
cleaved, silty to cherty argillite, phyllite, and chert, intercalated
with intervals of sandstone and carbonate that are 20 cmto 1.5 m
thick (fig. 7A). Finer grained rocks range from reddish brown to
silvery gray to black; siliceous sponge spicules and radiolarian
ghosts are locally abundant in some cherty layers. Sandstones
weather white to orange to brownish gray and are medium to
dark gray, very fine to medium grained, poorly sorted, and
locally cross-laminated and graded. Some samples are mostly
rounded to angular monocrystalline quartz with lesser plagio-
clase and microcline feldspar and are virtually identical to strata
described above from Munsatli Ridge. Others contain a similar
suite of quartz and subordinate feldspar as well as 10 to 70 per-
cent carbonate, chiefly dolomite, that occurs as clasts and matrix
(figs. 7B-7D). Clasts are finely crystalline dolomite mosaics and
lesser pelmatozoan fragments. Rare carbonate layers are mostly
finely crystalline (5—40 pm) dolomite with abundant calcareous
sponge spicules, lesser calcitized radiolarians, and minor detrital
quartz and feldspar (fig. 7E).

No fossils have been obtained from the argillite and
quartzite unit along Munsatli Ridge, but several collections
constrain the age of the rocks at Lake Minchumina. Fine-
grained dolostone from locality 33 (fig. 2; table 1) contains
abundant conodonts of Early Silurian (middle-late Llandover-
ian, possibly middle Llandoverian) age (figs. 4BB—4MM); the
heavy-mineral concentrate from this sample contains rare phos-
phatic brachiopod fragments and phosphatized radiolarians.
The conodont faunule represents postmortem transport from or
within the aspelundid-coniform biofacies, which indicates an
outer-shelf or slope depositional setting.

Several collections of corals from locality 35 (fig. 2; table
2, loc. 35) are of Silurian or Devonian age (W.A. Oliver, Jr.,
1997; written commun. to F. Weber). The most diagnostic form
is a ptenophylid coral—Xystriphyllum sp., of latest Silurian (Pri-
dolian) to early Middle Devonian age—found in a beach cobble
that may not have come from the argillite and quartzite unit
(Chapman and others, 1981). A second coral was collected from
outcrop. This specimen was originally identified as Saffordo-
phyllum sp. of Middle to Late Ordovician age (Oliver and others,
1975; Chapman and others, 1981) but is now identified as
Favosites? sp. of Silurian or Devonian age (W.A. Oliver, Jr.,
1997; written commun. to F. Weber). Two-hole crinoid colum-
nals, indicative of a late Early-early Middle Devonian (Emisian-
Eifelian) age, are also reported from beach float found near
locality 35 (R.B. Blodgett, Oregon State University, 1997,
written commun. to F. Weber).
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Figure 6. Sedimentary features of the chert and argillite unit, Telida subterrane, Minchumina terrane. A-C, Outcrop views and photomicro-
graph (C) of distal, thin-bedded, silty limestone turbidites (fig. 2, loc. 23). Note black carbonaceous partings in 4, load casts on bed bottom in
B, and parallel laminae rich in peloids (dark grains) and quartz and lesser plagioclase silt (light grains) in C. D, Photomicrograph of chert with
abundant siliceous sponge spicules; some spicule centers are pyritized (fig. 2, loc. 24).
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Figure 7 (above and facing page). Sedimentary features
of the argillite and quartzite unit, Telida subterrane, Min-
chumina terrane. Outcrop view (A) and photomicrographs
(B-D; B, crossed nicols) of sandstone turbidites, interca-
lated with argillite and thin carbonate layers (E, photomi-
crograph) (fig. 2, loc. 33). Sandstone contains abundant,
rounded quartz, lesser plagioclase and potassium feldspar
(f), polycrystalline carbonate lithic clasts (I) and pelmato-
zoan fragments (p). Carbonate layer shown in Eis dolomit-
ic micrite with silty laminae rich in calcareous sponge
spicules, quartz, and lesser plagioclase.

Like the chert and argillite unit, the argillite and quartzite
unit probably represents chiefly turbidites and hemipelagic
deposits. Quartz-rich, locally calcareous sandstones are graded,
poorly sorted, and were likely deposited as turbidites. They are
coarser grained and more abundant than the calcareous turbid-
ites in the chert and argillite unit; they appear to have had a dif-
ferent source and may have accumulated in a less distal position.
Fine-grained calcareous, siliceous, and argillaceous strata in the
argillite and quartzite unit formed as "background" sedimenta-
tion between pulses of turbidite deposition.

Stratigraphy of the Telida Subterrane

Our studies indicate that, at Lake Minchumina, the chert
and argillite unit is older than the argillite and quartzite unit.
Previous workers considered the chert and argillite unit to be the
younger of the two, but assigned all strata at Yutokh Hill (the

area between locs. 28, 29, and 35 on fig. 2) to the argillite and
quartzite unit (Chapman and others, 1981; Patton and others,
1994). If graptolite-bearing strata on the north and south sides
of Yutokh Hill are included in the chert and argillite unit, how-
ever, a different stratigraphy results (F. Weber, written commun.,
1997). In this interpretation, the argillite and quartzite unit,
exposed at the top and on the east side of Yutokh Hill, uncon-
formably overlies the chert and argillite unit (the contact could
also be a low-angle thrust fault). Although structure in this area
is complex (see further discussion below) our new fossil data,
and the reinterpreted age of the in situ coral from Yutokh Hill,
suggest that the chert and argillite unit at Lake Minchumina is
Ordovician and the argillite and quartzite unit is Silurian and
perhaps, in part, Devonian. It is possible, however, that the argil-
lite and quartzite unit includes strata of several ages. Previous
workers (Patton and others, 1980; Chapman and others, 1975)
correlated this unit with Cambrian-Upper Proterozoic rocks,
such as the Wickersham unit in the Livengood quadrangle, on
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lithologic grounds—grits in the Wickersham are bimodal
quartzite with locally abundant potassium and plagioclase feld-
spar (Weber and others, 1992). The compositional ties that we
noted in our study area between calcareous and noncalcareous
turbidites in the argillite and quartzite unit need not signify
stratigraphic equivalence but could instead indicate erosion and
reworking of older material into younger turbidites. Thus,
undated, noncalcareous parts of the argillite and quartzite unit
(for example, rocks at Munsatli Ridge) could be Cambrian or
older and could have provided a source for the coarse quartz and
feldspar found in the Silurian turbidites at Lake Minchumina.

Correlation

Lithologic and paleontologic data detailed above constrain
correlations between the Nixon Fork and Minchumina terranes
and provide a basis for regional comparison of these strata with
coeval deep-water facies exposed to the south (Dillinger ter-
rane). In this section, we compare Upper Cambrian to Lower
Devonian deep-water sequences in the Nixon Fork, Minchu-
mina, and Dillinger terranes and consider depositional and tec-
tonic factors affecting their correlation.

Stratigraphic Constraints and Implications

The lower Paleozoic stratigraphies of the Nixon Fork, Min-
chumina, and Dillinger terranes are compared in figure 8. Gaps
remain in these stratigraphies (particularly for the Minchumina
terrane), but the available data outline several interesting pat-
terns. In the discussion that follows, “Nixon Fork terrane” refers
only to rocks in the Medfra quadrangle and not to correlative
strata in the McGrath and Lime Hills quadrangles to the south
that some workers have included in this terrane.

Nixon Fork Terrane

Deep-water facies in the Nixon Fork terrane accumulated
primarily at times when deposition is not recorded in adjacent
deep-water sequences. In the Nixon Fork, deep-water sediments
formed chiefly during the Late Ordovician, Early Silurian, and
Early Devonian, but strata of Late Ordovician age and some
intervals in the Early Silurian have not been identified in the
Minchumina terrane or in the paleontologically well constrained
Dillinger terrane. If these terranes indeed represent parts of a
single continental margin, depositional patterns suggest that the
shelf edge along this margin stepped back (retreated landward)
in Late Ordovician and Early Silurian time. During this period,
turbidites and hemipelagic material were trapped near the plat-
form in sequences such as the Paradise Fork Formation and did
not reach more distal sequences such as the Dillinger that
formed farther from the continental margin.

East Fork Subterrane of the Minchumina Terrane

Well-dated intervals in the East Fork subterrane correlate in
part with platform facies of the Nixon Fork terrane, do not match
dated intervals in the Telida subterrane, and correlate well with
the Dillinger terrane. The general correlation between Nixon
Fork and East Fork rocks supports the suggestion that deep-
water facies in the East Fork were derived from the Nixon Fork
platform. Strata as old as the Late Cambrian part of the East
Fork, however, have not been identified in the Nixon Fork ter-
rane in the Medfra quadrangle. The base of the Novi Mountain
Formation, the oldest dated unit in the Nixon Fork terrane in this
area, is paleontologically well constrained at its type section as
early Early Ordovician (R. manitouensis Zone) (A.G. Harris and
J.E. Repetski, unpub. data, 1997). Not all sections of the Novi
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Mountain have been dated, however, and it is possible that, out-
side its type area, the unit is as old as Late Cambrian. Alterna-
tively, Cambrian strata in the East Fork may have accumulated
before the Nixon Fork platform was established and may have
derived from a more distant source. Upper Cambrian beds in the
East Fork correlate well, biostratigraphically and lithologically,
with the Lyman Hills Formation (Bundtzen and others, 1994) in
the Dillinger terrane and could have had the same provenance.

Middle Ordovician and Lower Devonian strata in the East
Fork subterrane correlate well with, and could have been derived
from, the Nixon Fork platform. Ordovician and Devonian East
Fork rocks also correlate with parts of the Post River Formation
and the Barren Ridge Limestone, respectively, in the Dillinger
terrane (fig. 8). However, the Dillinger terrane is characterized
by a thick sandstone turbidite unit of Silurian age, the Terra
Cotta Mountains Sandstone (Churkin and Carter, 1996). No
lithologic or biostratigraphic match for this unit has been found
in the East Fork subterrane.

Our biostratigraphic data indicate that strata in the East
Fork subterrane accumulated during Late Cambrian, Middle
Ordovician, and Early Devonian time. These data could be an
artifact of the poor exposures characteristic of this subterrane. It
is also possible, however, that carbonate turbidites and associ-
ated hemipelagites were generated chiefly at certain times during
the long history of the Nixon Fork platform, and the stratigraphy
of the East Fork subterrane reflects this discontinuous genera-
tion. Episodic transfer of sediment from shelf to basin could be
due to tectonic events, eustatic fluctuations, and (or) autocyclic
changes in platform sedimentation, among other factors.

Telida Subterrane of the Minchumina Terrane

Lower Ordovician strata in the Telida subterrane have the
strongest ties to the Nixon Fork platform of all deep-water rocks
in the study area. Conodonts from calcareous turbidites at local-
ity 23 (fig. 2) match those from the lower part of the Novi
Mountain Formation species for species (table 1) (A.G. Harris
and J.E. Repetski, unpub. data, 1997). These Telida strata also
correlate well, biostratigraphically and lithologically, with the
lower siltstone member of the Post River Formation in the
Dillinger terrane (Churkin and Carter, 1996). Middle Ordovician
rocks in the Telida subterrane correlate with broadly dated parts
of the Nixon Fork platform and with the middle part of the
Graptolite Canyon Member of the Post River Formation. Telida
sandstones at Lake Minchumina correlate with, or are just
slightly older than, the lower part of the Paradise Fork Forma-
tion in the Nixon Fork terrane and correlate well with the upper
part of the Post River Formation. Lake Minchumina sandstones
are at least in part older than, and differ in composition from, the
Terra Cotta Mountains Sandstone in the Dillinger terrane, as will
be discussed below.

Compositional Trends

Several notable patterns in the composition of Medfra-area
deep-water facies can be discerned. These patterns reflect varia-
tions in the proportion of carbonate to noncarbonate detritus, and
in the types of noncarbonate detritus, that are found in deep-
water strata of the Nixon Fork and Minchumina terranes.

Carbonate Input

Turbidites and hemipelagic strata show similar carbonate-
to-noncarbonate ratios in the study area. In the Nixon Fork
terrane, the East Fork subterrane, and the westernmost expo-
sures of the Telida subterrane, turbidites consist chiefly of
carbonate material and were derived principally from a shallow-
water carbonate platform, presumably the Nixon Fork platform.
Turbidites in the eastern exposures of the Telida subterrane are
much less calcareous and include detritus—such as coarse,
rounded quartz grains and microcline—not found in turbidites
in the other sequences. Finer grained strata show similar trends.
In the Nixon Fork terrane, the East Fork subterrane, and the
western Telida subterrane, hemipelagic deposits are chiefly
micrite and shale, but in the eastern part of the Telida subterrane
these deposits are much less terrigenous and consist predomi-
nantly of chert. The chert and argillite unit of the Telida subter-
rane is lithologically similar to, but somewhat older than, the
Livengood Dome chert (Upper Ordovician; Chapman and
others, 1980) in the Livengood quadrangle to the northeast
(Livengood terrane of Silberling and others, 1994) (fig. 1).

Compositional data thus suggest that strata in the eastern
Telida subterrane accumulated farthest from the continental
margins, experienced relatively little input from carbonate
platforms adjacent to these margins, and received some noncar-
bonate detritus that did not reach the other deep-water sequences
in the study area.

Noncarbonate Components

Noncarbonate detritus occurs sparsely in most parts of the
Nixon Fork terrane and the East Fork subterrane but is a signifi-
cant component in turbidites in the western part of the Telida
subterrane. Plagioclase feldspar and metamorphic lithic clasts
made up of quartz, chlorite, and (or) white mica are notable
minor constituents of Upper Cambrian strata in the East Fork
subterrane, Lower Ordovician turbidites in the western Telida
subterrane, and Lower Ordovician rocks in the Nixon Fork plat-
form succession; rare metamorphic clasts were also noted in the
Silurian-Lower Devonian Paradise Fork Formation. The clasts,
and perhaps the feldspar, may have been derived from metamor-
phosed basement rocks that underlie the Nixon Fork platform
succession; these rocks are of early Paleozoic or Precambrian
age and include quartz-chlorite-muscovite schist and quartz-pla-
gioclase porphyry (map units Pzp€p and Pzp€v of Patton and
others, 1980).

Noncarbonate detritus is a significant component in
turbidites of the argillite and quartzite unit in the Telida subter-
rane. Correlation of these turbidites with the Terra Cotta Moun-
tains Sandstone in the Dillinger terrane has been suggested (T.
Bundtzen, Pacific Rim Inc., oral commun., 1997) and is
broadly supported by age data from the exposures at Lake Min-
chumina, although the Minchumina strata are slightly older
than the base of the Terra Cotta in its type area (fig. 8) (Chur-
kin and Carter, 1996). Published petrographic descriptions of
the Terra Cotta, however, suggest significant compositional dif-
ferences between the two units. Slate clasts, polycrystalline
quartz, and white mica are important constituents of the Terra
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Figure 8. Correlation, lithologies, fossil control, and depositional environments of uppermost Cam-
brian to Lower Devonian rocks in selected areas of central Alaska. Only fossil groups that most nar-
rowly restrict age of collection or unit are listed. Age of argillite and quartzite unit (column 4) is poorly
constrained. Parts of this unit could be older than chert and argillite unit but youngest beds could be
as young as Devonian; see text for discussion. Arrows adjacent to column 5 indicate lower siltstone
member (LSM) and Graptolite Canyon Member (GCM) of the Post River Formation. Data sources as fol-
lows: column 1, Dutro and Patton (1982), A.G. Harris and J.E. Repetski, unpub. data; columns 24, this
paper; column 5, Bundtzen and others (1994), Churkin and Carter (1996). The former Llandeilian Series
is now considered a stage of the Llanvirnian Series (Fortey and others, 1995).
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Cotta (Bundtzen and others, 1994; Churkin and Carter, 1996)
but are rare or absent in Telida turbidites, whereas the potas-
sium feldspar and rounded, bimodal, monocrystalline quartz
that are so notable in the Telida turbidites are not reported from
the Terra Cotta.

As noted above, parts of the argillite and quartzite unit in
the Telida subterrane could be of Cambrian-Precambrian age
and equivalent to the Wickersham unit (and related rocks) in the
Livengood area to the north (Wickersham terrane of Silberling
and others, 1994) (fig. 1). Erosion of these older Telida rocks
could then have provided quartz and feldspar to the Silurian tur-
bidites at Lake Minchumina. If all parts of the argillite and
quartzite unit are of Silurian and younger age, grits such as the
Wickersham still seem to be a likely source for the quartz and
feldspar found in Telida subterrane turbidites. Whatever the age
of the turbidites in the argillite and quartzite unit, their composi-
tion implies ties to rocks currently exposed to the northeast (Liv-
engood quadrangle) rather than to the south (McGrath
quadrangle). Petrographic data thus indicate that the Telida sub-
terrane contains at least two distinct sequences, each derived
from a different source, and these sequences need not have had a
shared Paleozoic history.

Structure

Paleozoic rocks of the study area have been affected by two
principal deformations: an earlier folding about northeast axes,
followed by dextral strike-slip on the Iditarod fault system. The
focus will be here on aspects of the structure that bear on the
palinspastic relations among the strata of interest.

The Iditarod fault is one of the most significant strike-slip
faults in Alaska (Grantz, 1966). In the Iditarod quadrangle, the
fault cuts a Late Cretaceous to early Tertiary volcano-plutonic
complex and separates its two halves—the Iditarod Volcanics
and the Beaver Mountains volcanic field—by 88 to 94 km in a
dextral sense (Miller and Bundtzen, 1988). Similarly, in the
McGrath and Medfra quadrangles, the eastern contact between
Cretaceous siliciclastic strata of the Kuskokwim Group and
Paleozoic carbonate rocks of the Nixon Fork terrane shows a
dextral map separation of about 90 km. Although the Iditarod
fault has only one strand of any significance in the Iditarod quad-
rangle (Miller and Bundtzen, 1988), several splays are mapped
in the Medfra quadrangle (Patton and others, 1980). Presumably,
dextral displacement across all of the splays sums to at least ~90
km—or even more if some dextral strike-slip preceded deposi-
tion of the Kuskokwim Group. There are no piercing points on
any of these splays, so map separation cannot be measured; they
are presumed to be dextral strike-slip faults because of their con-
tinuity and subparallelism with the Iditarod fault in the Iditarod
quadrangle.

In the area of figure 2, the Iditarod fault has four main
strands, labeled A through D (fig. 9), and several minor ones.
Strand A juxtaposes deep-water facies of the Minchumina
terrane against shallow-marine carbonate rocks of the Upper
Silurian—Devonian Whirlwind Creek Formation. Strand A is pre-
sumably the main strand of the Iditarod fault system in this area;
horizontal displacement is likely to be several tens of kilometers.
Strand B juxtaposes the Whirlwind Creek Formation against the
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Upper Cretaceous to lower Tertiary Sischu volcanics. There is no
direct evidence for the amount of displacement but it is inferred
to have a small component of northwest-side-down vertical dis-
placement and perhaps a few to a few tens of kilometers of dex-
tral horizontal displacement. Strand C juxtaposes deep-water
facies of the chert and argillite unit, which depositionally under-
lie the Sischu volcanics, against coeval shallow-marine facies of
the Nixon Fork terrane. As noted above, an Early Ordovician
conodont fauna in the chert and argillite unit precisely matches
the conodont fauna of the age-equivalent Novi Mountain Forma-
tion. Significant fault displacement, either strike-slip, thrusting,
or both, is needed to explain the current close juxtaposition of
environments that must once have been farther apart.

A second regional-scale dextral strike-slip fault, the Fare-
well, lies to the south of the present study area, but it does bear
on the palinspastic relations betweeen the Minchumina and
Dillinger terranes. In the McGrath and Lime Hills quadrangles, a
Late Silurian to Early Devonian algal barrier reef complex in the
Nixon Fork terrane shows a dextral map separation of 145 to 153
km (Blodgett and Clough, 1985).

The Paleozoic rocks that were rearranged along these vari-
ous strike-slip faults had already been folded. Fold axial traces
trend roughly northeast-southwest in both the Nixon Fork and
Minchumina terranes. Nixon Fork strata typically are deformed
into open to tight folds with wavelengths as long as a few kilo-
meters. On this basis, we suggest that each of the fault-bounded
tracts containing Nixon Fork strata were probably not much
wider prior to shortening than they are today—perhaps 10-20
percent wider. Shortening across the Minchumina terrane cannot
be estimated with confidence but was undoubtedly far greater
than in the Nixon Fork. Shoreline exposures at Lake Minchu-
mina disclose the presence of inverted subhorizonal beds and
nearly recumbent isoclinal folds (T.M. Kusky, Boston Univer-
sity, unpub. data, 1997) that require extreme amounts of shorten-
ing for at least some rocks in the belt. Large amounts of
shortening are not suggested by the simple map pattern of the
Minchumina terrane (fig. 2), but this is strictly an artifact of the
mapping conditions: outcrops and helicopter landings are so
sparse that entire mountains were assigned to a single unit on the
basis of one or two rubble outcrops. It seems likely that the belt
of northwest-directed thrust faults mapped in the Livengood
quadrangle (Weber and others, 1992) continues along strike into
the area of figure 2 and that the structure in the Minchumina ter-
rane is as complex as in the southeastern part of the Livengood
quadrangle.

Figure 9 shows the palinspastic distribution of our sample
localities. On the Farewell fault, we restored 150 km of dextral
map-separation (Blodgett and Clough, 1985). Where the Iditarod
fault has a single strand (extreme western part of fig. 9, and
beyond), we restored 90 km of dextral map separation (Miller
and Bundtzen, 1988). For lack of any concrete evidence, we
arbitrarily restored 30, 20, 20, and 20 km of dextral map separa-
tion across strands A, B, C, and D, respectively. Regardless of
the displacements assigned to the individual strands, the total on
all four should sum to 90 km; the relative positions of rocks
northwest of strand D and southeast of strand A are the same
regardless of the details. Figure 9 does not restore any shorten-
ing—only strike-slip. As noted above, shortening was relatively
minor in the Nixon Fork terrane but probably quite severe in the
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Minchumina terrane. The distance across the Minchumina ter-
rane between the Farewell fault and Iditarod fault systems was
undoubtedly wider than at present.

In figure 9, deep-water strata between strands B and C
remain isolated from the broader tract of the Minchumina ter-
rane, and there seems no way to bring these tracts together given
only 90 km of only dextral displacement on strands A through D
combined. One possible explanation for this map pattern is that
deeper water strata between strands B and C accumulated in an
intrashelf basin in the Nixon Fork platform, as implied by the
restoration in figure 9. A second possibility is that these deep-
water facies record a northwestward Ordovician transgression
across the Nixon Fork platform that was followed by southeast-
ward progradation of this platform during Silurian-Devonian
time, prior to any shuffling on strike-slip faults. A third
possibility is that rocks between strands B and C represent a
piece of the Minchumina terrane that was thrust into position

from the southeast, prior to any shuffling on strike-slip faults,
over shallow-water strata of the Nixon Fork platform that lie
between strands A and B. A fourth possibility is that the shallow-
water rocks between strands A and B belong to the Minchumina
and not the Nixon Fork terrane; in this interpretation, fault strand
C, not strand A, marks the boundary between the Nixon Fork
and Minchumina terranes (Patton and others, 1984; Patton and
others, 1994). These alternatives cannot be evaluated without
more information.

Biogeography

The ultimate origin of lower Paleozoic rocks in central
Alaska remains contentious. Some authors have suggested that
the Nixon Fork, Minchumina, and Dillinger terranes represent

Other rocks
Kuskokwim Basin
Dillinger & Minchumina terranes |

Nixon Fork carbonate rocks

Nixon Fork basement

Figure 9. Palinspastic map of study area. Letters A, B, C, and D refer to strands of the Iditarod fault system men-
tioned in text. Restoration of 90 and 150 km of dextral strike-slip on the Iditarod and Farewell faults, respectively,
aligns the deep-water Dillinger and Minchumina terranes in a position east of the Nixon Fork carbonate platform.
Terrane affinity of lower Paleozoic rocks between fault strands A and C is uncertain; see text for dicussion. Black
dots are locations plotted in figure 2. Fine lines are quadrangle boundaries; quadrangle abbreviations as in figure 1.
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displaced fragments of the North American continental margin
(Decker and others, 1994), but, more recently, others have inter-
preted these terranes as a sequence rifted away from the Siberian
craton (Blodgett and Brease, 1997).

Biogeographic affinities of lower Paleozoic faunas can con-
strain the paleogeographic position of central Alaska, but the
faunas discussed above are not particularly useful for such anal-
yses. Deep-water conodont faunas, and most conodont faunas of
Silurian and Devonian age, are relatively cosmopolitan. With the
exception of a faunule from the upper part of the Telsitna Forma-
tion in the Nixon Fork terrane (loc. 5, fig. 2; table 1), conodont
collections from deep-water facies in the Medfra area consist of
tropical cosmopolites, pandemics, and North American Midcon-
tinent species. The collection at locality 5, however, of late Mid-
dle-Late Ordovician age, consists chiefly of Siberian-Alaskan
province (SAP) elements with minor pandemics.

SAP elements are common in some collections from shal-
low-water facies of the Nixon Fork terrane, particularly those of
late Early-Middle Ordovician age (Dumoulin, Bradley, and oth-
ers, 1998). They are also noteworthy in some Early, Middle, and
Late Ordovician faunas from the western and central Brooks
Range and Seward Peninsula of northern Alaska (Dumoulin and
Harris, 1994). A full explication of the biogeography of lower
Paleozoic rocks in central Alaska is beyond the scope of this
paper, but it is worth noting here that Siberian-Alaskan province
elements have not been identified from Paleozoic conodont fau-
nas of east-central Alaska or northwestern Canada (Dumoulin,
Harris, and de Freitas, 1998; A.G. Harris, unpub. data).

Conclusions

Deep-water facies of Cambrian through Devonian age crop
out widely in the eastern Medfra and western Mt. McKinley
quadrangles and have been included in several discrete terranes.
Calcareous hemipelagic deposits and fine-grained carbonate tur-
bidites comprise the upper part of the Telsitna Formation (Mid-
dle-Upper Ordovician) and the Paradise Fork Formation (Lower
Silurian—Lower Devonian) in the Nixon Fork terrane, the East
Fork Hills Formation (Upper Cambrian-Lower Devonian) in the
East Fork subterrane of the Minchumina terrane, and western
exposures of the chert and argillite unit (Ordovician) in the Tel-
ida subterrane of the Minchumina terrane. These strata were
derived largely from the Nixon Fork carbonate platform and cor-
relate well with parts of the Dillinger terrane exposed to the
south. The chert and argillite unit (eastern outcrops) and the
argillite and quartzite unit (Silurian-Devonian? and possibly
older) in the Telida subterrane of the Minchumina terrane consist
chiefly of siliceous hemipelagic deposits and quartzofeldspathic
turbidites and may correlate with parts of the Wickersham and
Livengood terranes to the northeast (Livengood quadrangle).
The Telida subterrane as presently defined thus includes two
roughly coeval sequences of disparate origin.

Deep-water strata of the Minchumina and Dillinger terranes
restore to a position east of the Nixon Fork carbonate platform
when 90 and 150 km of dextral strike-slip on the Iditarod and
Farewell faults, respectively, are removed. This restoration and
our petrographic and paleontologic data suggest that lower Pale-
ozoic rocks in the Nixon Fork and Dillinger terranes, as well as
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those in the western part of the Minchumina terrane, formed
along a single continental margin. Strata in the eastern part of
the Minchumina terrane (eastern part of the Telida subterrane)
differ in composition and provenance from those to the west and
may have had a distinct geologic history.
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Alagogshak Volcano: A Pleistocene
Andesite-Dacite Stratovolcano in

Katmai National Park

By Wes Hildreth, Judy Fierstein, Marvin A. Lanphere, and David F. Siems

Abstract

Alagogshak volcano, a newly recognized volcanic-front
stratovolcano on the Alaska Peninsula rangecrest, 15 km south-
west of Katmai Pass, produced 10-18 km? of andesite-dacite
eruptive products during several episodes of activity in the mid-
dle and late Pleistocene. From a central vent marked by hydro-
thermal alteration and remnants of a cratered fragmental cone on
the present-day drainage divide, glacially incised stacks of lava
flows (57-66 percent SiO,) dip radially and extend 6-10 km in
most directions. Lava flows that make up four ridge-capping out-
liers well west of the volcano may also have erupted there. The
medium-K calcalkaline Alagogshak eruptive suite is composi-
tionally varied, probably reflecting independent evolution of dif-
ferent magma batches supplied in several episodes spread
intermittently over at least 600,000 years. In contrast, the exclu-
sively Holocene andesite-dacite suite (59-64 percent SiO,) pro-
duced by the Mount Martin cone, which is centered 3 km
northeast of Alagogshak, yields far more coherent compositional
trends.

Introduction

While studying the volcanoes of the Katmai cluster (fig. 1),
we recognized a glacially eroded vent complex of Pleistocene
age on the Alaska Peninsula drainage divide, 3 km southwest of
the active crater of Mount Martin. Mapping in 1996 and 1997
demonstrated this vent to be the source of most of the glaciated
lava flows nearby and showed Mount Martin to be a small, much
younger edifice, constructed entirely during the Holocene. This
note describes the remnants of what we call the Alagogshak vol-
cano, estimates its original extent and volume, and compares the
compositions of its eruptive products with those of nearby
Mount Martin.

Glacially Eroded Ediface

Surviving remnants of Alagogshak volcano are mapped in
figure 2. The high point today is a rounded ice-capped knob at an

elevation of about 6,020 ft (1,835 m) on the rangecrest 12.5 km
northeast of Kejulik Pass, 15 km southwest of Katmai Pass, and
95 km southeast of the town of King Salmon (fig. 1). This sum-
mit forms the east rim of a glacially gutted vent complex, from
which lavas flowed north toward Angle Creek, south into the
forks of Kejulik River, and southeast into Alagogshak Creek.

The vent is an area of focused hydrothermal alteration
about 800 m wide, now hollowed out as a cirque-amphitheater
(fig. 3) occupied by a northwest-draining glacier. Preserved
along its south rim (the present rangecrest) are outward-dipping
agglutinates, beds of coarse scoria (57-58 percent SiO,), and
poorly sorted layers of phreatomagmatic ejecta rich in dense
glassy blocks. Preserved along the north rim of the cirque (fig. 3)
are part of the fumarolically acid altered core, a remnant of the
old crater rim draped by stratified ejecta that dip both inward and
outward, and an effusive lava flow of black glassy dacite (63.7
percent Si0,) that dips 20° NW. and is as thick as 140 m.

Stacks of lava flows that dip radially away from the vent
region are well preserved in four main sectors (fig. 2). In all sec-
tors, the lavas were emplaced onto a ruggedly incised glacial ter-
rain that had more than 1,200 m of local relief, cut entirely into
subhorizontal siltstone and sandstone of the Jurassic Naknek
Formation (Riehle and others, 1993). To the south, at the head of
the east fork of Kejulik River, a set of glaciated benches that
steps down from the summit to an elevation as low as 1,500 ft
(450 m) consists of a stack of at least seven andesitic lava flows
(57-63 percent Si0O,), which range from 10 to 30 m thick. At
their present-day distal extremity, canyon-wall remnants of these
flows range in elevation from 1,500 ft to as high as 2,300 ft (700
m), indicating that the stack was once at least 250 m thick there
and suggesting that intracanyon lava flows formerly extended
much farther downstream.

To the southwest, the Kejulik River cleaver is a stack of
about 20 andesite-dacite lava flows (fig. 4) that dip gently away
from the vent and range from 8 to 40 m thick and from 58 per-
cent to 66 percent SiO,. The greatest thickness of the stack pre-
served is 950 ft (300 m). One of the lavas thickens southward as
a formerly intracanyon flow as thick as 80 m that today forms a
sinuous interfluve along the east wall of the main Kejulik River
(fig. 2), where its lowest basal elevation is 1,300 ft (400 m).

To the northwest, two glaciated lava-flow stacks of differ-
ent ages face each other across the outlet gorge that drains the
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Figure 1. Map showing part of the stratovolcanic chain along the Alaska Peninsula, southeast of the town of King Salmon. Solid triangles indicate
cones active during the Holocene; open triangles indicate Pleistocene cones long extinct. The Katmai volcanic cluster includes Alagogshak (A), Mar-
tin (Mr), Mageik (M), Griggs (G), Trident (T; three extinct cones and one recently active cone), and Mount Katmai {K). Farther southwest are Kejulik

{Ki) and Peulik (P} volcanoes. Solid circle (N) indicates Novarupta, site of the great explosive eruption of 1912, when ignimbrite (shaded valley fill) was
emplaced in the Valley of Ten Thousand Smokes (Hildreth, 1983). Low points along the volcanic axis, which here forms the Alaska Peninsula drainage

divide, include Katmai Pass (KP) and Kejulik Pass (KjP).

vent-cirque glacier toward Angle Creek. Today, both stacks
reach about 6 km from the vent, dipping 5°-10° NNW., but
they originally extended many kilometers farther. The western
(older) stack is a set of three or four andesite flows (60-63
percent Si0O,), each 50 to 125 m thick, that widely exhibit
basal colonnades and thick entablatures of slender glassy col-
umns that suggest ice-contact emplacement. The eastern stack
begins with three dacite lava flows (each 64 percent SiO,), one
of which is 200 m thick, glassy, columnar, probably englacial,
and descends to a basal elevation as low as 1,900 ft (580 m)—
about 90 m lower than the nearby older stack. The dacites are

overlain proximally by three or four more andesite-dacite lava
flows (58-64 percent SiO,) that are extensively covered by ice
and till but include the thick crater-rim dacite illustrated in fig-
ure 3.

To the southeast, a single thick glassy andesite lava flow
(61 percent Si0O,) descended steeply from the rangecrest and
spread into Alagogshak Creek, where it now forms a glacially
scoured plateau. Its base is today as low as 1,500 ft (450 m), but
because the flow thickens to more than 100 m at its distal
extremity, it must have extended much farther downstream prior
to glacial excavation.
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Figure 2. Distribution of Holocene eruptive products of Mount Martin (dark shading) and glacially eroded Pleistocene lavas of Alagogshak volcano
(diagonal pattern). Their craters are indicated by hachures. Also shown is the western half of Mount Mageik (horizontal pattern) and various glacial
deposits (stippled pattern). Pale shading is glacial ice, and uncolored regional basement is Jurassic Naknek Formation (plus scattered surficial de-
posits and a few Tertiary intrusive rocks, not indicated). Elevations (+) in feet (1 m=3.28 ft). Locations of samples dated by K-Ar method (table 1, this
report; Shew and Lanphere, 1992) are indicated by “X” accompanied by age (in ka). Topographic base simplified from USGS 1:63,360 quadrangles Mt.
Katmai A-4 and A-5.

Western Outliers The northernmost outlier, at peak 3603 on the divide

In addition to the four unequivocal outflow sectors just between tributaries of Angle Creek, consists of three, gently
described, four craggy outliers of ridge-capping andesite 6-10 northwest dipping, andesite lava flows (57-61 percent Si0,),
km west of the Alagogshak vent (fig. 2) may also have each as thick as 100 m. Thick flow-breccia and glassy columnar
erupted there. zones suggest ice-contact emplacement. The southernmost (and
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Figure 3. View northward from south-rim rangecrest across vent area of Alagogshak volcano,
glacially gutted to produce an 800-m-wide cirque-amphitheater that opens to the northwest (left).
Acid-altered crater-fill forms lower wall beyond ice. Black ridge is part of a 140-m-thick dacitic out-
flow lava (samples K-2089, 2089A) that dips 20° NW. (left). Knob 5290 at upper right is a crater-rim
remnant, across which stratified ejecta drape both inward and outward.

Figure 4. Stack of twelve andesite lava flows (exposed above the ice) along upper part of Kejulik
cleaver, at elevation 4,900-5,150 ft, 3 km southwest of the Alagogshak vent. View toward the north-
east. As many as eight more flows, stratigraphically lower in the stack, form basal part of the cleaver
(behind the camera).

smallest) of the outliers, capping peak 4647 on the divide are atypically mafic (52-53 percent SiO,) for Alagogshak and
between Kejulik River and Takayofo Creek, is a single lava flow  unusually rich in big clinopyroxene and plagioclase phenocrysts.
of silicic andesite (62 percent SiO,) as thick as 200 m. Between ~ Overlying these on the northwestern spur of the outlier (peak
them, on the Takayofo-Angle Creek divide, a third outlier con- 4281), the fourth lava consists of a 100-m-thick flow of ordinary
sists of coarse flow-breccia and four lava flows, three of which Alagogshak-type andesite (58 percent SiO,). Finally, the fourth
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and westernmost outlier, which caps the ridge dividing two
tributaries of Takayofo Creek (fig. 2), consists of a single
phenocryst-rich andesite lava flow (61-62 percent SiO,) as thick
as 200 m. Shew and Lanphere (1992) reported a K-Ar age of
954+109 ka for plagioclase separated from this flow.

Basal contacts of the outliers dip gently away from the
Alagogshak center, except for the westernmost outlier, which is
subhorizontal. As each of the four remnants rests upon Jurassic
sedimentary rocks along low-angle contacts that are now
perched 300-600 m above the floors of adjacent glacial valleys,
it is clear on physiographic grounds that all the outliers are rela-
tively old. No other source vent or dike has been recognized,
however, between Alagogshak volcano and the still older Kejulik
stratocone, 21 km farther southwest (Riehle and others, 1993;
Shew and Lanphere, 1992). Our favored but inconclusive infer-
ence is that the lava flows of the outliers, at least most of them,
represent eruptive phases of Alagogshak volcano older than the
episodes that produced the andesites and dacites in the four more
proximal sectors described above.

Geochronology

K-Ar ages were measured for whole-rock samples of
andesitic lava flows in three of the proximal sectors described
(table 1), employing the multiple-collector mass spectrometer
at the U.S. Geological Survey (USGS) in Menlo Park (Stacey
and others, 1981) and following the methods described by Hil-
dreth and Lanphere (1994). Plagioclase K-Ar ages were
reported previously by Shew and Lanphere (1992) for lava
flows in the fourth sector, as well as for the old, westernmost
outlier.

In the older stack of andesite lavas in the northwest sector,
the basal flow (resting on Jurassic strata) gives an age of 68020
ka. To the south, the top flow of the stack of seven andesite lavas
at the head of the east fork of Kejulik River yields an age of
104£10 ka. To the southeast, the thick plateau-forming andesite
lava flow at the head of Alagogshak Creek gives an age of 43+8
ka. All three nonglassy whole-rock samples provided satisfac-
tory yields of radiogenic argon (6—13 percent “*Ar*; table 1), per-
mitting high-precision age determinations.

In the southwest sector, plagioclase separated from two of
three andesite-dacite lava flows that make up the sinuous rem-
nant of an intracanyon stack along the main fork of Kejulik
River provided accordant ages of 394+46 ka and 389+71 ka
(Shew and Lanphere, 1992). Finally, Shew and Lanphere (1992)
measured an age of 954+109 ka for plagioclase from the crystal-
rich andesite that makes up the westernmost outlier (fig. 2).

The apparent longevity of more than 600 k.y. (or 900 k.y. if
the westernmost outlier did indeed erupt from the Alagogshak
center) is greater than that of many andesite-dacite stratovolca-
noes, but it is not extraordinary. In the Cascade arc, for example,
high-precision K-Ar measurements in our Menlo Park labora-
tory indicate that the Adams, Baker, Hood, Lassen, Mazama, and
Rainier volcanic centers have erupted intermittently for compa-
rably long periods of time. Owing in part to its modest eruptive
volume, however, the longevity of volcanism at Alagogshak
seems to require that long periods of repose separated its epi-
sodes of eruptive activity.

Eruptive Volume

Much of Alagogshak volcano has been erosively stripped.
Rapid rates of erosion have been promoted by Pleistocene
expansions of glacial ice that repeatedly covered most of the
Alaska Peninsula (Riehle and Detterman, 1993). Areas still cov-
ered by products of the Alagogshak center thus sum to less than
20 km?, less even than the area (33 km?) covered by the postgla-
cial products of Mount Martin (fig. 2). Distribution of the rem-
nants shown in figure 2 clearly indicates, however, that the area
originally covered by Alagogshak lavas was at least 60 km?* and,
if the western outliers and distal intracanyon lava tongues are
included, perhaps as much as 90 km?.

Volume reconstruction is somewhat less certain. Because
the central vent of Alagogshak straddles a rangecrest aréte of
Jurassic sandstone that today extends (at 1,550—-1,620 m eleva-
tion) for more than 4 km west of its 1,835-m summit, it is obvi-
ous that a cone model is inappropriate for the volume
calculation. From a modest vent cone perched on a basement
high, lavas flowed steeply outward into cirques and valleys to the
north, south, and west. Judging by the rim-draping fall and surge

Table 1. Whole-rock potassium-argon ages and analytical data.

[Analysts: potassium by D.F. Siems; argon by F.S. McFarland and J.Y. Saburomaru (Menlo Park, Calif.).
Constants: A, =0.581 x 10710y 1. b =4.962 x 10710 y 1 40K/K = 1.167 x 10~* mol/mol]

Sample Location Weight percent Radiogenic *0Ar Calculated
number (see fig. 2) Si0, K50 1073molfg  Percent age
K-2049 Alagogshak Creek: 61.1 1.644+0.008  1.007 6.0 43+8 ka
Plateau-forming
lava flow, 2,300 ft
K-2135 Kejulik River, East 57.7 1.580+0.004  2.369 9.0 104+10 ka
Fork: Top lava of
stack at 2,500 ft rim
K-2074 Angle Creek, SE. 60.0 1.419+£0.001 13.90 13.3 680+20 ka

Fork: Basal lava
flow, W. wall of
gorge at 2,300 ft

Alagogshak Volcano: A Pleistocene Andesite-Dacite Stratovolcano in Katmai National Park
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deposits preserved on remnants of the crater walls (fig. 3), the
vent cone is unlikely to have been more than 100-200 m higher
than the present summit. By comparison, the present-day active
crater of Mount Martin is about 225 m deep and the crater of
Mount Mageik only about 100 m. Conservatively, then, if we
assume original thicknesses of only 500 m for the perched vent
region and an average of 250 m for the flanking stacks of out-
flow lavas, we estimate 10-13 km? for the Alagogshak edifice—
or 13-18 km? if all the western outliers are assigned to Ala-
gogshak. This is much larger than our estimate for modern
Mount Martin (7 km?) but far less voluminous than for nearby
Mageik (30 km?) and Griggs (20-25 km?) volcanoes. No evi-
dence has been found of voluminous tephra that might add
appreciably to Alagogshak's eruptive volume, nor would the
former existence of much glacially stripped fallout be expected
on the basis of the generally low explosivity eruptive products
preserved.

Mount Martin

Mount Martin is a small Holocene successor volcano that
barely overlaps the northeastern edge of the glaciated Ala-
gogshak edifice. Its inception postdates the last known activity at
Alagogshak by about 30,000 years (table 1), and its fumaroli-
cally active crater lies 3 km northeast of the ravaged central vent
of Alagogshak. Mount Martin consists of a small fragmental
cone and, descending 10 km northwestward, a staircase of 10
overlapping coulees of blocky dacite, each 75-100 m thick.
Although its summit exceeds 6,100 ft (1,860 m) in elevation, the
2-km-wide cone itself has local relief of only 500 m, owing to its
construction (like Alagogshak) upon a high ridge of Jurassic
basement rocks. Of the total eruptive volume estimated for
Mount Martin (7 km?), the small cone thus makes up less than 5
percent and the 31-km? lava-flow field about 95 percent (fig. 2).
Scoriaceous and massive glassy (phreatomagmatically ejected)
blocks of the cone are andesitic (58.9—61percent SiO,), whereas
the sequence of coulees is largely dacitic (62.5-64.2 percent
SiO,; table 2). Despite its high ring of active glaciers (fig. 2),
erosion of the cone and coulees is insignificant, indicating that
Mount Martin is a Holocene volcano in its entirety. The glaci-
ated lava flows adjacent to Martin's western flank are readily dis-
tinguishable, chemically and stratigraphically, as having erupted
at Alagogshak volcano. The cone of Mount Martin is marked by
a persistent steam plume derived from as many as 20 vigorous
fumaroles that are precipitating sulfur in the talus northwest of a
shallow acid lake on the floor of its 300-m-wide crater.

Composition of Eruptive Products

Nearly all lava flows from Mount Martin and most of the
exposed flows surviving at Alagogshak were sampled, as were
glassy blocks of juvenile ejecta from the rims of both craters.
Major-element determinations by X-ray fluorescence spectros-
copy are given in table 2 and illustrated in figure 5. Essentially
all samples from both volcanoes are plagioclase-rich two-pyrox-
ene andesites and dacites, all of which also carry Fe-Ti-oxide
microphenocrysts, but none of which contain amphibole, biotite,
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Figure 5. Whole-rock compositional data for Alagogshak and Martin
volcanoes and the western outliers: A, K,0 vs. Si0,; B, Fe0*/Mg0 vs.
Si0,; C, (K,0 + Na,0) {closed symbols) and Ca0 {open symbols) vs. Si0,.
TH/CA is conventional boundary between tholeiitic and calcalkaline
suites in panel B. FeO* is total iron calculated as FeO.
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Table 2. Chemical analyses of eruptive products.

[The ten major oxides are normalized to H,O-free totals of 99.6 weight percent (allowing 0.4 weight percent for trace oxides and halogens). Determinations by
wavelength-dispersive X-ray fluorescence in USGS laboratory at Lakewood, Colo.; D.F. Siems, analyst. “FeO*” is total iron calculated as FeO. “Original total” is
the volatile-free sum of the ten oxides, as analyzed, before normalization, with total iron calculated as Fe,O3. LOI, weight percent loss on ignition at 900°C]

Sample Sio,  Ti0,  ALD;  Fe0*  Mn0  MgO0  Ca0  Na0 K0  Py0g LO!  Original total
no. (dry)
ALOGOGSHAK VOLCANO
K-2049 61.1 070  16.1 6.55 0.13 3.50 6.60 3.33 1.53 0.15 0.13  99.40
2049-i 56.9 0.72 16.7 7.83 0.15 4.90 8.24 2.94 1.08 0.15 0.56  98.66
2074 60.0 0.73 17.1 6.63 0.14 3.36 6.68 3.52 1.31 0.17 0.51 9858
2075 62.2 0.67 165 6.31 0.12 2.66 5.70 3.71 1.55 0.17 0.31 98.81
2076 62.7 070 164 6.44 0.13 2.57 5.15 3.58 1.76 0.15 0.81 98.43
2077 60.2 0.66 164 6.93 0.14 3.67 6.65 3.31 1.46 0.15 024 98.72
2078 60.6 0.64 147 6.46 0.13 5.65 6.34 3.00 1.88 0.17 1.55 9777
2079 61.3 0.68 16.6 6.59 0.13 2.97 6.14 3.60 1.44 0.17 0.56  98.41
2080 61.8 067 163 6.60 0.13 3.00 5.78 3.55 1.64 0.17 072 98.49
2081 64.5 069 154 5.67 0.11 248 5.04 3.59 1.99 0.15 0.12  98.85
2082 63.7 069 15.6 5.86 0.12 2.62 5.36 3.55 1.92 0.16 0.51 98.39
2083 63.8 0.69 156 5.75 0.11 2.54 5.44 3.56 1.90 0.15 0.02  99.23
2087 62.1 076 16.0 6.27 0.12 2.92 5.65 3.43 2.16 0.19 -0.03 9931
2088 58.6 0.73 16.4 7.40 0.14 3.96 7.31 3.20 1.68 0.18 0.02 99.11
2089 63.7 0.69 15.6 5.83 0.11 2.56 5.43 3.57 1.90 0.16 0.00  99.18
2089-A 63.3 0.71 15.7 6.07 0.12 2.60 5.52 3.51 1.87 0.16 0.11 98.92
2099 59.0 077 167 7.25 0.14 3.91 6.80 3.29 1.63 0.18 0.06  99.03
2100 59.8 074 16.2 6.86 0.14 3.88 7.01 3.01 1.80 0.18 1.34 9760
2102 58.5 0.81 17.1 7.34 0.14 3.70 6.92 3.35 1.60 0.19 0.09 9899
2103 573 080 172 7.79 0.14 4.13 7.39 3.25 1.41 0.18 022  99.04
2104 57.4 080 174 7.61 0.14 3.94 7.39 3.26 1.43 0.19 0.15 98.86
2105 57.8 079 17.1 7.66 0.14 3.95 7.26 3.24 1.50 0.18 024  98.76
2106 612 077 16.1 6.72 0.13 3.11 5.99 3.38 2.04 0.19 1.20  97.74
2107 589 0.82 16.9 7.28 0.13 3.55 6.83 3.37 1.63 0.19 024 9877
2108 57.4 0.80 17.3 7.68 0.14 4.11 7.31 3.27 1.42 0.19 026  98.99
2109 63.2 0.69 163 5.84 0.11 2.62 5.20 3.45 2.02 0.18 074  98.32
2110 57.5 0.81 173 7.72 0.14 4.02 7.26 3.23 1.44 0.18 030 9893
2111 58.0 080 171 7.57 0.14 3.89 7.23 3.20 1.51 0.18 025 98.67
2112 58.5 0.80 17.0 7.43 0.14 3.71 6.90 3.31 1.62 0.19 026 98.87
2120 64.7 0.63 15.7 5.33 0.12 227 4.81 391 1.95 0.18 0.01 99.27
2121 65.6 0.61 15.5 5.08 0.12 2.05 4.42 3.97 2.01 0.17 0.14 9896
2122 59.5 070 171 7.04 0.14 3.29 6.87 3.49 1.30 0.19 0.81 98.55
2123 58.4 0.75 16.2 7.23 0.14 4.90 6.96 3.25 1.60 0.17 0.76  98.63
2124 65.8 0.60 15.6 4.99 0.12 2.04 438 3.98 2.00 0.17 0.15  99.01
2125 65.7 0.60 157 4.94 0.12 1.97 4.42 3.99 2.00 0.18 023  99.13
2135 57.7 0.73 16.3 7.66 0.14 4.58 7.72 3.15 1.45 0.18 0.15 98.54
2140 64.9 0.62 15.8 5.26 0.12 2.16 4.72 3.90 1.96 0.18 0.19  99.00
2141 60.9 069 164 6.53 0.13 3.39 6.53 3.36 1.53 0.15 0.59 9891
2142 61.3 0.70  16.1 6.49 0.12 3.36 6.44 3.38 1.59 0.15 0.11  99.07
2259 60.6 0.75 16.6 6.70 0.14 3.24 6.31 3.31 1.75 0.21 0.84 9827
2260 59.9 0.75 16.7 6.90 0.14 3.44 6.63 3.20 1.77 0.23 090 98.34
2261 59.6 0.75 16.6 7.13 0.14 3.46 6.82 3.18 1.70 0.20 0.82 9845
2262 57.7 076  16.7 7.53 0.14 432 7.56 3.16 1.51 0.22 0.03 100.00
2263 60.3 070 16.9 6.56 0.13 3.21 6.84 3.33 1.46 0.17 027  98.77
quartz, or sanidine. Microdioritic blebs and clots, predominantly Thirteen samples from Mount Martin range from 58.9 per-

made up of pyroxene and plagioclase but generally containing a  cent to 64.2 percent SiO, and plot rather tightly (fig. 5) relative
little glass, are common in the products of both centers. Some of  to the scattered compositional arrays for 44 samples from the

the andesites that have less than 59 percent SiO, additionally long-lived Alagogshak center (54.2-65.8 percent Si0,). All
carry a little olivine, as do mafic magmatic inclusions present in  samples from both volcanoes fall in the medium-K field (fig.
some Alagogshak lavas. 5A), and both suites define calcalkaline differentiation trends
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Table 2. Chemical analyses of eruptive products—Continued.

Sample Si0y Ti0y Al,03 FeO* MnQ Mg0 Ca0 Na,0 K70 P20g L0l  Original total
no. (dry)
ALOGOGSHAK VOLCANO—Western outliers, north
K-2085 61.0 0.69 16.7 6.71 0.14 3.06 5.99 3.60 1.50 0.17 0.25 99.12
2085-i 54.2 0.63 19.9 7.48 0.15 4.65 8.95 2.75 0.74 0.14 0.98 98.45
2086 57.7 0.74 17.1 7.55 0.16 3.99 7.81 3.24 1.10 0.18 0.78 98.22
2253 58.9 0.64 17.2 6.98 0.14 3.67 7.63 3.16 1.03 0.17 0.12 99.53
ALOGOGSHAK VOLCANO—Western outliers, middle
K-2168 58.2 0.72 17.2 7.47 0.15 3.72 7.58 3.27 1.11 0.18 0.21 99.23
2254 53.2 0.90 18.0 10.20 0.18 4.74 8.76 2.96 0.46 0.19 0.01 99.01
2255 51.8 0.92 18.3 10.66 0.20 491 9.36 2.85 0.40 0.16 -0.09 99.12
ALOGOGSHAK VOLCANO—Western outliers, south
K-2257 62.2 0.73 16.5 6.76 0.14 2.58 5.25 3.86 1.36 0.22 2.72 95.72
2258 62.5 0.71 16.3 6.65 0.14 2.49 5.65 3.59 1.30 0.21 3.34 94.90
ALOGOGSHAK VOLCANO—Western outliers, westernmost
K-2169 62.4 0.70 17.2 5.60 0.13 2.35 5.84 3.97 1.27 0.21 1.14 98.10
2256 60.8 0.74 17.0 7.07 0.16 2.61 6.04 3.89 1.12 0.21 0.27 98.08
MOUNT MARTIN
K-2066 63.1 0.67 15.8 5.88 0.12 2.82 5.79 3.58 1.67 0.15 0.16 99.37
2067 62.4 0.66 16.0 6.04 0.12 3.05 6.03 3.48 1.61 0.15 0.04 99.25
2068 62.7 0.66 16.0 5.88 0.12 2.94 5.94 3.53 1.63 0.15 -0.05 99.31
2090 64.2 0.69 15.7 5.63 0.12 247 5.13 3.80 1.75 0.15 0.16 98.89
2093 63.2 0.65 15.7 5.83 0.12 2.87 5.79 353 1.70 0.15 -0.01 99.17
2094 62.9 0.68 15.7 5.97 0.12 3.01 5.85 3.52 1.67 0.15 0.24 98.85
2095 63.0 0.66 16.1 5.90 0.12 2.90 5.63 3.51 1.69 0.14 0.51 98.72
2096 62.7 0.65 16.1 5.86 0.12 2.93 5.94 3.56 1.62 0.15 0.19 99.00
2097 62.7 0.69 16.1 5.98 0.12 2.89 5.76 3.70 1.61 0.15 0.05 98.97
2098 60.4 0.73 16.5 6.73 0.13 3.52 6.42 3.59 1.39 0.17 -0.03 99.30
2115 61.2 0.72 16.2 6.46 0.13 3.42 6.29 3.56 1.47 0.17 -0.13 99.52
2170 64.1 0.67 15.8 5.59 0.12 2.47 5.17 3.80 1.76 0.15 0.12 99.16
2333 58.9 0.73 16.7 6.99 0.14 4.12 7.20 3.41 1.25 0.16 0.36 98.30

(fig. 5B). Alkali-lime intersections at 63-63.5 percent SiO, (fig.
5C) define calcic suites for both Alagogshak and Martin, similar
to the zoned suite ejected at nearby Novarupta in 1912 (Hil-
dreth, 1983).

The rocks of both volcanoes are typically low-Ti arc suites,
most having TiO, contents of only 0.60-0.82 percent; the two
most mafic samples (K-2254, K-2255, both from the middle out-
lier) have 0.90-0.92 percent TiO,. Relatively primitive material
has not erupted here, as all but one sample represents magma
that had evolved to less than 5 percent MgO. Contents of Al,O,
are mostly <17.5 percent, although the three samples lowest in
Si0, (fig. 5; all from the western outliers) have higher Al,O,
values of 18.0-19.9 percent.

Relatively mafic magmatic inclusions, generally finer
grained than the host lava and typically 1-10 cm across, are
common in a few Alagogshak lava flows, are sparse to absent in
most, and were not found in products of Mount Martin. The two
such inclusions analyzed (samples K-2049-i and K-2085-1) are
among the least silicic (56.9 percent; 54.2 percent SiO,) eruptive
products sampled here.

Two subparallel trends are conspicuous for Alagogshak
data in the K,0-Si0O, panel (fig. 54), one suite having about 0.4
weight percent more K,O than the other at any given SiO,
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content. The suite higher in K,O includes (a) near-vent scoria;
(b) 11 of 12 samples from the southerly (East Fork) sector; (c) 4
of 10 samples from the southwesterly (Kejulik cleaver) sector;
and (d) 5 of 16 samples from the northwesterly (Angle Creek)
sector. On the other hand, the trend lower in K,O includes the
southeasterly (Alagogshak Creek) lobe, all lavas of the western
outliers, and the entire Holocene suite from Mount Martin, as
well as many lavas of the Kejulik cleaver and Angle Creek sec-
tors (fig. 5A). No mineralogical difference is recognized
between the lavas lower and higher in K,O, which are interstrat-
ified without any consistent age distinction. Lavas lower in K,O
include those dated at 954 ka, 680 ka, 389 ka, and 43 ka, as well
as the crater-rim dacite (fig. 3) and all the postglacial products
of Mount Martin.

The sample richest in MgO (K-2078; 5.65 percent MgO),
which stands out from the rest in figure 5B by virtue of its
low FeO/MgO ratio, is anomalous also in its relative AL,O;
deficiency (14.7 percent Al,Os; table 2). The sample is an
olivine-bearing, plagioclase-rich, two-pyroxene andesite (60.6
percent Si0,) belonging to the suite higher in K,O and does
not appear in thin section to be olivine-accumulative. It is
from the basal colonnade of a 75-m-thick flow that makes up
ridge 2451 at the northwest limit of the Angle Creek sector.
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Resting on Jurassic sandstone, this flow is likely to be one of
the oldest in the sector.

Conclusions

The simple central-vent Alagogshak stratovolcano pro-
duced 10-18 km? of eruptive products, mostly andesite-dacite
lava flows, in several eruptive episodes spread widely over at
least 600,000 years. About two-thirds of the Alagogshak volcano
has already been stripped by glacial erosion, even though sub-
stantial lava production took place as recently as 43+8 ka. The
eruptive focus shifted in the Holocene to Mount Martin, 3 km
northeast. In contrast to the coherent compositional arrays for
eruptive products of Mount Martin, the variety of compositions
erupted at Alagogshak probably reflects independent evolution
of successive magma batches that arose at widely separated
intervals in its long history.

Like Alagogshak, the adjacent volcanic-front edifice to the
southwest, Kejulik volcano (fig. 1), is apparently now extinct
(Riehle and others, 1993; Shew and Lanphere, 1992). This
leaves a 76-km-long inactive gap along the front between the
Holocene cones of Mount Martin and Mount Peulik (fig. 1). So
lengthy a gap accentuates the anomaly of the adjacent Katmai
cluster (Hildreth, 1983), where the recently active Martin,
Mageik, Trident, Griggs, and Katmai stratovolcanoes are all
closely spaced along a 25-km reach of the volcanic arc.
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Gravity Changes During the 26 Years
Following the 1964 Alaskan Earthquake

By David F. Barnes

Abstract

The 1964 Alaskan earthquake caused elevation changes that
were measured in meters and extended over distances that were
measured in hundreds of kilometers. Most of the measured grav-
ity changes showed a Bouguer ratio to the elevation changes and
thus suggested addition of mass in the uplift areas and loss of
mass in the subsidence areas. However, the gravity increase
measured at Anchorage was only 0.04 mGal despite a subsid-
ence of nearly 1 m, which might have caused a free-air change of
0.3 mGal. This small change in gravity was probably the result
of elastic expansion and a density decrease that diminished the
free-air elevation effect.

Post-earthquake readjustments have caused small elevation
changes during the 25 years that followed the earthquake. How-
ever, measured gravity changes are much less extensive and sug-
gest that differing tectonic processes are now active in the
earthquake area. The first change reported was an uplift of nearly
0.5 m, shown by releveling along the highway southeast of
Anchorage. No gravity change has been measured, and the uplift
is interpreted to be caused by horizontal elastic compression.
Later global positioning system (GPS) measurements showed
that this domal uplift extends into the central Kenai Peninsula,
where additional measurements are probably needed to confirm
the absence of gravity change.

In contrast, there is better evidence for a post-earthquake
gravity change at Cordova, where repeated visits have shown a
gravity increase of 0.1 mGal during a 25-year period and where
tide-gage data show a subsidence of nearly 0.2 m during the
same period. The combined data indicate a free-air process with
no change in underlying mass and a probable isostatic phase-
change response to the broad uplift during the 1964 earthquake.
At Middleton Island, on the edge of the continental shelf, a grav-
ity decrease of perhaps 0.2 mGal has been measured, but the
large gravimeter drift and data scatter show the need for addi-
tional measurements. GPS data and barnacle observations also
indicate uplift.

Introduction

The vertical crustal deformation during the 1964 Alaskan
earthquake exceeded that measured in any previous earthquake

(Krauskopf, 1972) and was sufficient to cause measurable and
interpretable gravity changes in at least part of the deformed
region (Barnes, 1965). During the 30 years following the earth-
quake, evidence for further vertical movement and post-earth-
quake readjustment has gradually accumulated (Brown and
others, 1977; Savage and Plafker, 1981; Cohen and others, 1995;
Gilpin and Carver, 1994). I have also measured small gravity
changes that have accompanied some of this post-earthquake
readjustment. However, the gravity changes are much less exten-
sive than the elevation changes, and the relationship between the
vertical movement and the gravity changes is not uniform, sug-
gesting that more than one physical process may be active in the
post-earthquake readjustment. Furthermore, additional data col-
lected during the summer of 1965 after the preparation of the ini-
tial paper (Barnes, 1965) provide supplemental data that support
some variation in gravity change and deformation process dur-
ing the 1964 coseismic event The gravity changes in that event
were not as consistent as once reported. Therefore, in this paper,
I reexamine some of the 1964 coseismic gravity-change data, in
addition to evaluating the post-earthquake gravity-change data.

Interpretation Principles

The limited 1964 earthquake gravity-change data were
interpreted by plotting gravity changes as a function of elevation
changes and comparing the data with two lines derived from
physical principles (fig. 1). The line with the steeper slope (fig.1)
represents the free-air gradient of gravity, which is the rate of
change of gravity above the Earth's surface with no change in
underlying mass; its slope is determined by the distance of the
measurement from the Earth's center. The gentler slope repre-
sents the Bouguer gradient, which shows how the gradient is
modified by considering the additional gravitational attraction of
an infinite slab of normal rock density near the Earth's surface.
The Bouguer slope provided the best fit for most of the data
obtained after the 1964 earthquake. However, the agreement was
least satisfactory in the negative-elevation-change or subsidence
portion of the graph, for which many of the points were acquired
after the initial publication. Later studies have refined the analy-
sis of gravity changes and have considered the gravity-change
effects of density variation and specific dislocation models
(Whitcomb, 1976; Walsh and Rice, 1979; Savage, 1984)
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Figure 1. Gravity changes caused by the 1964 Alaskan earthquake calculated from measurements

before and after the earthquake and plotted as a function of elevation change. From Barnes (1965) plus
additional data collected during the summer of 1965.

Data Collection

Almost all of these Alaskan gravity-change data have been
accumulated as an incidental product of the preparation of suc-
cessive Alaskan State regional gravity maps (Thiel and others,
1958; Woollard and others, 1960; Barnes, 1970, 1977; Barnes
and others, 1995). This regional mapping objective thus influ-
enced both the equipment used for this study and the areal distri-
bution of the coverage. Virtually all the data were collected with
gravimeters that were primarily designed for quick measurement
of gravity differences between exploration stations and previ-
ously established base stations. Absolute gravimeters may now
provide better methods for measuring temporal gravity changes
(Carter and others, 1997), but such equipment was in its infancy
at the time of the earthquake. Furthermore the Alaskan earth-
quake was the first to produce measurable coseismic and post-
seismic gravity changes. Better studies should be possible for
future earthquakes of comparable magnitude.

Measurement of temporal gravity changes requires good
control of the accuracy and stability of gravimeter calibrations.
The meters used in the Alaskan surveys have been carefully cho-
sen and repeatedly checked. At the start and end of each field
season the meters were tested on mountain calibration loops
(Barnes and others, 1969) near Anchorage, Fairbanks, and the
U.S. Geological Survey (USGS) headquarters in California.
Most of the meters have also been intermittently compared with
pendulum data along parts of the North America Midcontinent
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calibration range (Woollard and Rose, 1963), which provided
the basic scale for establishing mountain calibration loops.

Base stations initially used during collection of data for the
regional maps provide the primary framework for gravity-
change studies. These base stations were occupied as often as
possible to insure the accuracy of regional coverage. Thus multi-
ple ties are available for many station pairs, and their data scatter
provides an estimate of measurement reliability. For conve-
nience and ease of reoccupation, most base stations were located
at transportation hubs, airports, and road junctions, where they
could be most easily reached after the regional survey had
extended to other areas. The standard deviation of base-station
ties made during the Alaskan gravity surveys is (.02 to 0.03
mGal, which is probably the best indicator of data precision.
However, the precision of the gravity-change data was also
affected by two other factors, the magnitudes of which are diffi-
cult to estimate. First, a variety of factors sometimes made reoc-
cupation of the same spot difficult and uncertain. Second, during
other ties, the drift of the gravimeter was very large and thus
added measurement uncertainty.

Alaskan economic development has been rapid during the
more than 30 years since the earthquake, and there have been
major changes at many airports and along the primary highways.
A good example is provided by the Richardson Highway (fig. 2),
which extends northeast from Valdez toward Tonsina. Gravity
measurements were made with a LaCoste and Romberg
gravimeter at mile posts along this road in 1962, and those
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Figure 2. Map of area deformed in the 1964 Alaska eartnquake. Long dashes are zero isobase lines on borders of subsidence and uplift
areas (Plafker, 1965). Dotted line within the coseismic subsidence area is axis of post-earthquake uplift (Brown and others, 1977, Cohen and
Freymueller, 1997). Highways: R., Richardson; A.S., Anchorage-Seward; S., Sterling; G., Glenn.

stations were among the first stations reoccupied after the 1964
earthquake. The preliminary results indicated a small, probable
free-air gravity change suggesting no loss or addition of underly-
ing mass (Barnes, 1965). The possibilities for measuring post-
earthquake changes along this traverse once seemed good (Rice,
1969), although there had been some minor scatter in base ties
for the early measurements. Later measurements were made in
1965, 1972, and 1981, but each of these reoccupation attempts
encountered more missing base stations (Barnes, 1968, p. 9C),
which thus increased the uncertainty in defining gravity changes.

During the late 1970’s the Alaska pipeline was constructed
along the route and a new highway was built. In 1990 only short
segments of the original road could be found, and virtually all of
the original mile posts that marked station locations had been
destroyed. Further measurement of the gravity change was con-
sidered impossible along this road. In other areas and airports,
more frequent visits have enabled us to observe the potential loss
of base stations and establish new bases by ties to nearby
bases—thus it was possible to keep track of gravity changes.
However, establishing new satellite bases probably increases the
uncertainty of gravity differences relative to distant bases. Prob-
lems associated with measurement at specific satellite bases are,
thus, briefly mentioned in the following text.

Gravity Changes during the 26 Years Following the 1964 Alaskan Earthquake

Anchorage Gravity Change

The nearly 1-m subsidence of the land near Anchorage was
recognized soon after the earthquake (Grantz and others, 1964).
When I first returned to the city less than a month after the earth-
quake, I expected to be able to measure a gravity increase of 0.2
to 0.3 mGal, depending on the tectonic process that caused the
subsidence. However, data collected at that time immediately
suggested a much smaller increase of <0.05 mGal. Larger grav-
ity changes were soon measured elsewhere, and the small
change at Anchorage was long considered evidence of inade-
quate pre-quake data. The small change was shown in the Barnes
(1965) graph of gravity change versus elevation change but was
ignored in the discussion. Four years later, Rice (1969) reported
additional pre-earthquake data, including a 1963 Air Force
gravimeter calibration effort with seven LaCoste and Romberg
gravimeters, that yielded a value of pre-earthquake Anchorage
gravity very close to my own and also an earthquake change of
0.05 mGal, which was less than what he considered the uncer-
tainty of the measurements. His data thus supported my own
conclusion that the coseismic gravity increase was only about
0.04 mGal. This may have been less than the uncertainty of the
measurements, but even this change (as well as the uncertainty)
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was less than the magnitude of the change expected from appli-
cation of either the free-air or Bouguer gradients to the measured
elevation change. It was also significantly smaller than the
changes measured elsewhere in the quake area, particlarly along
the highway system north and east of the city of Anchorage (sta-
tions described in Barnes, 1968, p. 7-C and 8-C).

The reason for the small gravity change at Anchorage grad-
ually became apparent after the earthquake. Less than a year
after the earthquake, Platker (1965) suggested the hypothesis
that the quake was the result of an overthrust movement toward
the Aleutian trench and along a shallow-dipping fault that out-
cropped along the trench. Anchorage is near the zone of elastic
expansion that provided the push for this movement. Whitcomb
(1976) showed that density changes can significantly reduce the
gravity change expected from elevation changes, and, a few
years later, Jachens (1979) published a graph showing that, for
elastic expansion and compression with a Poisson’s ratio near
0.25, the resulting gravity change could be very small. The grav-
ity data from the Anchorage area thus provides further support
for Plafker’s hypothesis, which is now a well-accepted aspect of
plate tectonics.

In some ways, the small gravity change at Anchorage was
very convenient because the city is the prime transportation hub
for Alaska, so any measured changes in gravity differences with
respect to other cities suggested that the change had probably
occurred at the distant city. Furthermore, the base network could
be expanded without making corrections for changes at its prin-
cipal bases (Anchorage bases are described in Barnes, 1968, p.
6-C). Preparation of a State gravity map did provide multiple
opportunities for measuring the gravity differences between sta-
tions at Anchorage airport and those at other airports within the
State. Although the measurements show some scatter at all sta-
tions, the only evidence of a steady trend indicating a temporal
gravity change was measured at other airports in the earthquake
area. Post-earthquake ties to such distant cities as Fairbanks,
McGrath, and Bethel show a scatter of +0.5 mGal, but no evi-
dence of change. The importance of Anchorage as a transporta-
tion hub and reference point for temporal changes elsewhere led
to an absolute gravity measurement by free-fall apparatus
(Marson and Alasia, 1980). The measurement has not been
repeated because there has been no other evidence of a post-
earthquake Anchorage gravity change.

The tide-gage data from Anchorage (Savage and Plafker,
1981) also show small, post-earthquake sea-level changes of <3
mm/yr or less than a total of 5 cm in the 25 years since the earth-
quake. This would cause a free-air gravity change of <0.2 mGal,
which is less than the standard deviation of the various ties to
other airports and base stations in Alaska. Thus, a detectable
post-earthquake gravity change would not be expected from the
tide-gage data.

Gravity Change South of Anchorage

The area of small or undetectable coseismic and postseis-
mic gravity change seems to extend over a considerable area
south and west of the city, although only limited data are
available. Few pre-earthquake gravity data were available for the
Seward Highway along the Turnagain Arm southeast of
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Anchorage, but in 1965 a first-order level line and two sets of
gravity measurements by both the U.S. Coast and Geodetic Sur-
vey (USC&GS) and the USGS were made along the road. The
USC&GS leveling between Anchorage and Portage was
repeated the following year, in 1968, and again in 1975 (some
gravity measurements were also made in 1975). The leveling
showed a domal uplift centered about 40 km southeast of
Anchorage with a maximum amplitude of about 50 cm (Brown
and others, 1977). However, the gravity changes did not show a
consistent relationship to vertical movements and had the same
magnitude as the scatter of the data. Hoping to reduce the uncer-
tainty, I repeated many of the 1965 USGS gravity measurements
(base stations described in Barnes, 1968, p. 3-B) along the same
highway in 1977 with very similar results. Figure 3 shows a plot
of distance versus uplift, measured gravity changes, and the
gravity changes that might be expected by applying the Bouguer
gravity gradient to the measured uplift. The measured changes
are much smaller than the calculated Bouguer changes and are
approximately the same magnitude as the data scatter. The post-
quake uplift south of Anchorage is thus accompanied by a very
small gravity change similar to that which accompanied the
coseismic subsidence at Anchorage during the 1964 earthquake.
Brown and others (1977) used the dislocation program of Savage
and Hastie (1966) to explain the uplift as the result of elastic
creep and compression above a flexure of the thrust fault that
ruptured in 1964. Seismic data suggest that the dip of this fault
steepens significantly beneath the uplift area and thus causes
compression in the overthrusting, overlying North American
plate. The small gravity change is thus the result of horizontal
elastic compression just as elastic expansion near Anchorage
caused the small coseismic gravity change and subsidence.

Kenai Peninsula Gravity Change

Recent GPS measurements (Cohen and others, 1995;
Cohen 1996; Cohen and Freymueller, 1997) along other high-
way level lines on the Kenai Peninsula have shown that this post-
earthquake uplift extends southwest from the Anchorage-Seward
highway and is as much as 90 cm near the center of the Penin-
sula along the Sterling highway. No public, pre-quake gravity
data were available against which to measure the coseismic
gravity changes. The first-order level survey was made along the
highway in 1964, and both the USGS and USC&GS made grav-
ity measurements along the highway in 1965. In 1981, I reoccu-
pied six of the USGS gravity base stations (Barnes, 1968, p. 4-
B) and measured small gravity decreases ranging from 0.01 to
0.12 mGal and averaging 0.05 mGal. However, only one
gravimeter was used for these measurements and the drift con-
trol for the traverse was poor. Without the present evidence of
uplift, the gravity decrease was not considered significant. In
1990, only one base station, at Skilak Lake near the center of the
uplift, was reoccupied (within approximately 3 m of the original
station) with two gravimeters. These readings suggest that the
gravity at that station decreased by either 0.03 or 0.15 mGal, but
new base stations were used for the reoccupation and the two
values may not be comparable. Furthermore, the difference
between the two measurements is large and shows significant
scatter. The change in gravity, if any, is certainly smaller than the
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nearly 0.3 mGal that might be expected from the measured
elevation change and Bouguer gradient.

Somewhat different processes may be active on the north-
west edge of this post-earthquake uplift dome. This area along
the northern shore of the Kenai Peninsula and central Cook Inlet
is marked by a major gravity low with a Bouguer amplitude
below —140 mGal, which represents a very large thickness of
Mesozoic and Cenozoic sedimentary rock. The entire gravity
low lies within the 1964 coseismic subsidence area, and the
earthquake may have been one more episode in a long history of
downwarping that created the sedimentary basin. However, the
axis of maximum 1964 coseismic subsidence is south of the
present gravity low. In 1965, the year following the earthquake, I
thought I successfully reoccupied a station reported by Thiel and
others (1958) at Kenai Airport. I measured, in a tie to Anchorage,
a coseismic gravity increase of 0.05 mGal, which seemed con-
sistent with the nearly 1 m of coseismic subsidence later
reported at the nearby Nikiski tide gauge (Small and Wharton,
1969). The large gravity difference between Anchorage and
Kenai may have increased the uncertainty of the measurement.
Thiel had described the station as “Pacific Northern Airlines ter-
minal on ground 40 feet from field entrance” and, after the earth-
quake, I decided that this spot was also the end of a concrete
walkway south of the building. However, when I next returned to
the airport in 1981, I wondered whether this had actually been
the field entrance, so the reoccupation could have been question-
able. By then the building had been converted to a gift shop and

Gravity Changes during the 26 Years Following the 1964 Alaskan Earthquake

the airlines were using a new terminal building nearly a mile to
the north along the single runway.

A new station, “KENT,” with an aluminum marker, was
established at the Kenai terminal and was tied to both the old ter-
minal station and to Anchorage. This station was reoccupied and
again retied to Anchorage in 1990. Comparison of the two ties
suggests a gravity increase of 0.07 mGal at Kenai Airport during
the 9-year interval. However, different base stations had to be
used at Anchorage, and the suggested change is nearly the same
as the measurement scatter. The change, if any, is certainly not
well established. This questionable gravity increase would sug-
gest a small subsidence at Kenai Airport between 1981 and
1990. In contrast, a 9-year record of tide-gage data between
1970 and 1979 at nearby Nikiski (Savage and Plafker, 1981)
indicated a sea-level fall or land uplift of 19 mm/yr or nearly 17
cm in that 9-year period. However, Cohen and Freymueller
(1997) have recently reported GPS data that make the tidal data
suspect.

Cordova Gravity Change

In contrast to the Anchorage-Kenai area, there is better
evidence of a post-quake gravity change at Cordova, where there
were nearly 2 m of uplift and 0.5 mGal of gravity decrease
during the earthquake. Repetitive measurements at this city were
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Figure 4. Graph of measured gravity differences between Anchorage and Cordova as a function of date of measurement. Symbols
represent station pairs used in measurement {see text). Solid symbols indicate multiple differences. Dashed line is free-air gravity change

calculated from tidal data.

easier than at most points in the earthquake area because, during
different periods, Cordova was often a commercial air stop
between Anchorage and the USGS California headquarters.
However, frequent airport improvements and changing security
regulations sometimes made reoccupations of the same base sta-
tions difficult. Although multiple bases were used at both air-
ports, each station was either well tied to the previous base or to
other known bases in these cities, so that the record of gravity
change was adequately maintained. The standard deviation of
these local ties, either within the airport or within the city, was
0.03 mGal. Figure 4 shows a graph of the gravity difference
between Anchorage and Cordova airports plotted versus the date
of measurement for the period 1964 to 1990. The difference
plotted is for the station pair BL31 in Anchorage and CRDA at
Cordova airport, but the symbols show which station pair was
actually measured on that date and whose differences were later
converted to the BL31-to-CRDA differences. The four-character
station designations are those used in the USGS Alaskan gravity
base station network reports (Barnes, 1968, 1972). From 1966 to
the late 1980’s, BLL.31 was the principal USGS gravity base at
Anchorage airport where the gravity meter was read above
USC&GS benchmark L31 at the base of a flagpole outside the
post office. The station, flagpole, and post office were demol-
ished in the late 1980’s, but, by that time, the station had been
well tied to other stations in the city (Barnes, 1968, p. 6-C).
CRDA at Cordova was initially described as “on asphalt apron
northwest of the field steps to log cabin air terminal and above a
USGS gravity marker” (Barnes, 1968). Five years after the 1964
earthquake, a new concrete terminal was built and the old log
terminal was moved closer to the new apron where it served as
an annex. For several years, gravity was measured in the same
place relative to the building steps, but in its new location; this
station was renamed CRDW. However, increased security regu-
lations gradually made access to this spot difficult, and another
station, CRDH, was established on the road outside the new con-
crete terminal next to a fire hydrant. At the time of my 1990 visit,
all three stations could still be reoccupied, although airport secu-
rity police would only permit access to the older stations when
commercial aircraft were not at the airport.
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Figure 4 shows a 25-year increase of slightly more than 0.1
m@Gal in the gravity difference between Anchorage and Cordova
airports, which must be caused by a gravity increase at Cordova
because we have no present evidence of a gravity change at
Anchorage. Cordova tide-gage data summarized by Savage and
Plafker (1981) showed a sea-level rise or land subsidence of 9.7
mm/yr between 1965 and 1989 or 14 cm in the 25-year period.
The dashed line in figure 4 shows the free-air gravity change that
would result from this subsidence rate if no underlying material
is lost, and it provides a fairly good fit to the observed data.
Thus, a post-earthquake process of subsidence involving mini-
mal mass transfer, but probable density change, is indicated.
Such processes might include a phase change at the base of the
crust for isostatic compensation as discussed by Broecker
(1962). Another possibility is a mechanism of elastic relaxation
involving a density change without transfer of mass, but I have
not found a good reference for such a process.

Gravity Change at Prince William Sound
Transition Area

Auvailable data indicate both very small coseismic and
even smaller, if any, postseismic gravity changes at Anchor-
age in the coseismic subsidence area. However, a signifi-
cantly larger gravity decrease during the earthquake at
Cordova, in the coseismic uplift area, was followed from
1965 to 1990 by a gravity increase and accompanying subsid-
ence. Both coseismic and postseismic gravity-change data
between these two zones are very limited. Only a few gravity
measurements had been made on the islands of Prince Will-
iam Sound before the earthquake, and only one of these sta-
tions was successfully reoccupied after the earthquake
(Barnes, 1965). Following the earthquake, both the USGS and
the U.S. Coast and Geodetic Survey made detailed surveys to
determine the gravity field in the vicinity of the epicenter
(Case and others, 1966; Rice, 1969; respectively). Most of the
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USGS stations were inadequately described for accurate
reoccupation, and the base-station control (Barnes, 1968, p. 2-
B) on this ship-supported survey was inadequate for the mea-
surement of gravity change. The other survey (i.e., the
USC&GS survey) was made by aircraft flights from Anchor-
age, and the stations were better marked. However, that sur-
vey’s prime base station at Anchorage airport has been
destroyed, and the possibility of making an adequate repeat
survey may depend on how well that station can be recov-
ered from local ties in the Anchorage area. Access to the
original data sheets would probably be necessary before
evaluating the probable value of repeating parts or all of this
survey.

Middleton Island Gravity Change

There may be better evidence for gravity change at Mid-
dleton Island on the northern edge of the Aleutian Trench.
Here, Plafker (1969) reported a series of five marine terraces
that represent successive uplifts extending over a period of
more than 4,000 years. Thiel and others (1958) reported one
pre-earthquake measurement made on the island in 1954 while
an aircraft-weather and flight-control station was under con-
struction. The station description by Thiel and others (1958)
involved buildings that were removed after the construction,
but, after a series of phone calls, I learned that the the spot
could be closely relocated by the defining roadway and run-
way intersection (Dan Scroggs, Federal Aviation Administra-
tion, oral commun., September 1965). Commercial air flights
were then available from Cordova to Middleton Island every
second weekend, so a tie was made to the island and a gravity
decrease of 0.6 mGal was measured. The gravity difference
from Cordova was less than 14 mGal, and the meter drift on
the flight was 0.03 mGal. Plafker (1969) had used raised bar-
nacle and vegetation lines to measure a coseismic uplift of
more than 3 m at the island. These data were not shown on the
Barnes (1965) graph of coseismic gravity change versus eleva-
tion but provided an additional point along the Bouguer line at
the lower right hand corner of figure 1 (this report). Readings
were also made at two of the tidal benchmarks that had been
recently placed on the island.

Rice (1969) later reported that the Coast and Geodetic
Survey had used a twin-engine Piper Aztec to make post-earth-
quake gravity ties between Anchorage and Middleton Island in
1964, 1965, and 1967. Between 1964 and 1965, a gravity
decrease of 0.17 mGal (equivalent to an uplift of 0.3 m) was
recorded, but the 0.03-mGal increase between 1965 and 1967
was within the uncertainty of the measurements. The uplift was
believed to have stabilized, and no further measurements have
been reported. The USC&GS base station at Anchorage air-
port has been destroyed, and reoccupations of a cited refer-
ence station have been unsatisfactory. However, Prescott and
Lisowski (1977) reported tilt measured on Middleton Island by
repeated leveling in 1964, 1969, 1972, and 1975 and, thus,
suggested a small continued movement of the island.

In 1990, I was anxious to repeat the 1964 gravity tie and
measure any changes that might have happened since my 1965

measurement. Commercial aircraft no longer visited Middle-
ton Island, and the only available transportation, without a
prohibitively expensive charter flight, was a biweekly resup-
ply flight for the aviation controllers and seismologists then
occupying the island. Although I was able to arrange passage
on the flight, I knew that its departure from Kenai instead of
Cordova or Anchorage presented additional problems. I
thought that the base value at Kenai air terminal could be ade-
quately rechecked, although some of the ties to Anchorage
showed evidence of change, as discussed earlier. The gravity
difference between Middleton Island and Kenai is, however,
much larger (more than 131 mGal) than the difference
between the island and either Cordova (about 14 mGal) or
Anchorage (about 42 mGal); therefore, calibration posed a
problem. After leaving Kenai, the plane climbed to more than
4,000 m altitude enroute to the island—this pressure drop may
have increased the gravimeter drift. The two gravimeters
showed unusually high drift on the flight (0.19 mGal by meter
G-8 and 0.27 mGal by meter D-26). The tide- and drift-
corrected gravity difference measured by G-8 was 131.57
mGal between stations KENT at Kenai and MID®6 (tidal
benchmark 6) at Middleton Island and 131.36 mGal for D-26.
Applying the mean of these differences to the best gravity
value at Kenai Airport on the old 1960 datum, as used in
1965, gives a gravity value at the Middleton Island bench-
mark of 981,968.27 which is more than 0.3 mGal lower than
the value of 981,968.58 measured at the same benchmark in
1965. Meter G-8, which had the smaller drift, would give an
observed gravity about 0.1 mGal higher than the mean value,
but even that value suggests a gravity decrease of about 0.2
mGal during the 25-year period. The gravity measurements
are not directly comparable with the Coast and Geodetic Sur-
vey measurements in 1965-67 (Rice, 1969) because Rice did
not identify the stations used on the island, although tidal
benchmarks are presumed.

When this gravity decrease was first presented (Barnes,
1993) the uplift of the island was considered doubtful. How-
ever in 1995, Plafker (oral commun., January 1998) revisited
the island and could no longer see a barnacle line visible dur-
ing his earlier 1964 visit, but he estimated an uplift of at least
0.5 m. More recently Savage and others (1998) have reported
evidence from GPS measurements that the island was rising at
a rate of 20 mm/yr between 1993 and 1997. If this rate had
been constant through the earlier 25-year period of 1965 to
1990 covered by the gravity measurements, the gravity change
would have been only 0.10 or 0.15 mGal, depending on
whether the uplift is either a Bouguer or free-air process
involving the addition of underlying mass or no change in
underlying mass, respectively. The fact that the measured grav-
ity change is at least 50 percent larger makes the gravity mea-
surements very doubtful. However, if the rate of gravity change
reported by Rice (1969) for the 1964-to-1965 interval had
extended over the whole 25-year period, the gravity change
might have been more than 0.40 mGal or even higher than that
measured by meter D-26, which had such a large drift during
the trip to the island. The gravity-change data do suggest that
the uplift of the island involves a very different geologic pro-
cess than the post-earthquake uplift south of Anchorage, where
no gravity change has been measured.
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Abstract

The northwestern Seward Peninsula was targeted for
detailed geochemical study after evaluation of data collected
during the NURE reconnaissance-level program indicated anom-
alously high arsenic (60-635 ppm) concentrations in stream sed-
iments. The arsenic is associated with tin skarn, greisen, and
replacement deposits in the western Seward Peninsula. Surficial
sampling of waters and sediments indicate that arsenic is being
transported detritally but that solution transport is insignificant.
Our new data indicate that sediments downstream from these tin
occurrences are characterized by anomalous values of As (85—
530 ppm) and Sn (14-36 ppm), as well as consistent anomalies
of Ag, Be. Cu, Sb, and W. Stream sediments collected from
drainages underlain by slate, but distal to the exposed tin occur-
rences, are characterized by background levels of As (10-60
ppm), Li (16-80 ppm), Sn (5-14 ppm), and W (5-10 ppm).
These background levels for As and Sn are much higher than
concentrations in typical slates and suggest a broad, weak hydro-
thermal alteration during mineral-deposit formation in much of
the study area. A consistent pattern of Ca>>Mg>Na>K and gen-
erally alkaline pH (7.2-8.2) characterize waters throughout the
study area. Dissolved sulfate concentrations range from 10 to 40
ppm for waters draining slates and from 3 to 20 ppm for water
draining carbonates. The waters collected in areas of known tin
occurrences in the Potato Mountain area are characterized by
increased dissolved sulfate (43-75 ppm) and are generally acidic
(pH 4.7-6.5), but most trace metals are at or below detection
limits. Dissolved arsenic concentrations in the areas of known
tin occurrences are at or below 2 ppb. Our data suggest that
detrital arsenic and tin from mineral occurrences may be natu-
rally entering the nearshore marine environment.

Introduction

A geochemical study to determine natural background con-
centrations of metals in surficial materials was carried out on the

northwestern Seward Peninsula near the village of Wales, Alaska
(fig. 1). This part of the Seward Peninsula was targeted for
detailed study after assessment of regional element distribution
maps, which were compiled from stream- and lake-sediment
geochemical data collected during the National Uranium
Resource Evaluation (NURE) program (Hoffmann and Buttle-
man, 1996). Interpretation of the NURE data indicated that some
drainages feeding Lopp Lagoon (fig. 1) had anomalously high
arsenic (60—635 ppm) and tin (60-144 ppm) concentrations in
sediments, compared to regional background concentrations
(between 5-60 ppm for As and 7-12 ppm for Sn).

The presence of relatively metal rich sediments, soils, or
waters in the northwestern Seward Peninsula may be significant
for a number of reasons. The population of Wales relies heavily
on the local ecosystem for food sources. Plants are harvested
throughout the summer from the tundra adjacent to the village,
and fish are collected from nearby Lopp Lagoon—a body of
water that receives most of the surface runoff and sediment load
from the northwestern corner of the Seward Peninsula. Also, the
proximity of the study area to the Bering Strait allows for rapid
cycling of any eroding metals into the nearshore marine ecosys-
tem.

Locally anomalous concentrations of many trace metals
occur in tin-rich granites and adjacent metasedimentary rocks at
scattered locations across the northwestern Seward Peninsula.
The anomalous arsenic values observed in the NURE sediments
are, at least in part, erosional products of metalliferous granites
and adjacent skarn and replacement bodies. Dispersion of
arsenic and other genetically associated ore metals, Sn, Be, and
W, from bedrock sources into local soils, stream sediments, and
surface waters is a normal part of the processes of weathering
and erosion.

The aim of the present study is to better understand the ele-
ment dispersion along the northwestern side of the York Moun-
tains by sampling surface waters and stream sediments.
Resulting local geochemical background data are critical for any
future environmental impact assessment, land-use planning,
pollution monitoring, and mineral-resource-assessment work in
the area. These data may help identify areas of the tundra that
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Sainsbury, 1972)

should be avoided for plant harvesting. If metal levels in
sediments or waters are relatively high near the mouths of the
streams and rivers, then this might signal the need for detailed
study of any effects on organisms in Lopp Lagoon. Certainly, at
least, the possibility of biomagnification of metals within the
food chain exists in the Wales area. Atmospherically
transported, anthropogenic As, Cd, Hg, and other contaminants
in high-latitude arctic ecosystems are now widely recognized in
the tissue and organs of large marine mammals and native popu-
lations (Pearce, 1997). Identification of any significant natural
metal cycling into the food chain in this part of the Seward Pen-
insula is a first step in determining whether regional geological
processes may also be contributing contaminants to the environ-
ment. Also, data from this study may prove useful in better
defining new areas of tin, uranium, and other granite-related
mineral resources in this part of Alaska.
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General Geology

Sainsbury (1972) mapped the geology of the western por-
tion of the Seward Peninsula at a scale of 1:250,000. The area
consists mainly of Precambrian(?) and early Paleozoic argilla-
ceous and dolomitic limestones, shales, slates, and phyllites (fig.
1), which are referred to as slate of the York region. Much of this
unit was mapped by Sainsbury (1972) as Precambrian in age, but
it is lithologically similar to Lower Ordovician rocks found else-
where on the Seward Peninsula (Till and Dumoulin, 1994). The
weakly metamorphosed units were deposited in shallow marine
to restricted carbonate platform sedimentary environments. The
York terrane may be subdivided into two major units: (1) the
slate of the York region—an informal name for graphitic, slaty,
or phyllitic rocks that originally consisted mainly of

Geologic Studies in Alaska by the U.S. Geological Survey, 1997



carbonaceous siltite, but also contained diverse laminated to
thin-bedded mudstone, siltstone, fine-grained sandstone, calcar-
eous sandstone, and carbonaceous limestone (Sainsbury,
1972)—and (2) a thick sequence of fossiliferous limestone,
dolomitic limestone, and argillaceous limestone.

The York terrane was subsequently intruded by highly
evolved, tin-rich granites and syenogranites between about 80—
70 Ma. Seven of nine tin-enriched granite plutons are exposed
and two are inferred at depth in the northwestern Seward Penin-
sula (Hudson and Arth, 1983). Three of these, Cape Mountain,
Brooks Mountain, and an inferred pluton at Potato Mountain,
occur within our study area. These granites are similar to gran-
ites exposed in eastern Siberia (Swanson and others, 1990) and,
therefore, are likely to occur beneath the waters of the Bering
Strait.

On the Seward Peninsula, tin lodes are generally found as
cassiterite in greisenized plutonic cupolas and in pyroxene-gar-
net-tourmaline-axinite-cassiterite skarn in adjacent marbles
(Swanson and others, 1990; Hudson and Reed, 1997). Uranium,
tungsten, and rare-earth-element (REE) enrichments are com-
monly associated with many of these evolved plutons. Hudson
and Arth (1983) report as much as 20 to 30 ppm U for represen-
tative samples of some plutons. Recognized sulfide and oxide
mineral phases include pyrrhotite, arsenopyrite, fluorite, tetrahe-
drite, scheelite, cassiterite, stannite, wolframite, chalcopyrite,
thorite, zeunerite, and many Be-bearing phases (West and White,
1952; Sainsbury, 1963; Sainsbury and others, 1968; Swanson
and others, 1990).

About 3,000 metric tons (t) of tin have been recovered from
lodes and related placers of the Seward Peninsula, representing
more than 90 percent of Alaska's historic production. Past pro-
duction is dominated by 1,676 t of tin from the Cape Mountain
placer deposit, 1,000 t of tin from the Potato Mountain placer
deposit, and 314 t of tin from the Lost River lode deposit (Hud-
son and Reed, 1997). Lode reserves remaining at the Lost River
deposit include 22.3 million metric tons of 0.15 percent tin, 16.3
percent fluorite, and 0.03 percent WO; (Bundtzen and others,
1994). In addition, beryllium-fluorite-rich veins that replaced
limestone at the Lost River deposit contain 4,500 t of beryllium,
one of the world's largest reserves (Sainsbury, 1988).

Sainsbury and others (1968) carried out stream-sediment,
soil, and plant-geochemical surveys around tin occurrences in
the Brooks Mountain and Lost River areas. Although the data
were generally semiquantitative and often below analytical
determination limits, some stream sediments near the Lost River
mine tailings contained as much as 160 ppm Be, 1,100 ppm Sn,
70 ppm W, 150 ppm Cu, 150 ppm Pb, 300 ppm Zn, 3,000 ppm
As, 700 ppm B, and 3,000 ppm Li. Concentrations for soils in
the Lost River valley were of equivalent magnitude. Various tun-
dra plants in the valley showed Cu, Pb, B, and, less consistently,
Ag and Zn enrichment. However, As, Be, and Sn were not
strongly concentrated in the studied plant species.

Field and Laboatory Methods

Water samples were collected at49 sites in the drainage basins
of Potato Mountain and along and to the west of the Mint, York,
and Yankee Rivers (fig. 1) during July 1997. Stream-sediment

Metal Cycling Along the Northwestern Seward Peninsula, Alaska

samples were collected from 48 sites, but at two of the sites there
was not enough material collected for subsequent analysis. Ateach
sample site, pH and conductivity of stream water were measured
with portable meters. Three 60-mL water samples were collected
inhigh-density polyethylene (HDPE) bottles at each site. Two sam-
ples, one filtered and one unfiltered, were taken for cation analysis.
The unfiltered sample was analyzed for total metals, dissolved plus
suspended cations. The second sample was passed through a 0.45-
wm filter to determine dissolved-cation concentrations. Both sam-
ples were acidified with concentrated nitric acid to a pH of less than
2. A third filtered, unacidified sample was taken for anion analysis.
This sample was packed in ice for shipping and then refrigerated
until analyzed. Stream sediments were sieved in the field to minus-
10-mesh (2 mm). Panned heavy-mineral-concentrate samples
were collected at 29 sites.

In the laboratory, the stream sediments were dried at room
temperature and sieved to minus-80-mesh (1 mm), pulverized,
and chemically analyzed. The panned concentrates were dried
and sieved to minus-18-mesh (<1 mm). The heavy minerals in
each sample were then gravity-separated using bromoform (spe-
cific gravity > 2.86). The heavy-mineral concentrates were sepa-
rated into magnetic, paramagnetic, and nonmagnetic fractions.
The nonmagnetic fraction was further separated into two splits.
One split was pulverized and chemically analyzed; the remain-
ing split was retained for optical mineralogic examination.

Analytical Techniques

The filtered and unfiltered water samples were analyzed for
major and minor cations and trace elements by inductively cou-
pled plasma-mass spectrometry (ICP-MS) (Meier and others,
1994). Anion concentrations were determined on the unacidified,
filtered water samples using ion chromatography as described by
d’ Angelo and Ficklin (1996). Total alkalinity was measured by
titration as bicarbonate (HCO;").

Stream sediments were digested in a total decomposition
process using a mixture of hydrochloric, nitric, perchloric, and
hydrofluoric acids at low temperature (Crock and others, 1983).
The resulting solution was analyzed for 40 major, minor, and
trace elements by inductively coupled plasma—atomic emission
spectrometry (ICP-AES). Additionally, a 10-element ICP-AES
(Motooka, 1996) method was applied that utilizes a partial
digestion of the sample in a hydrochloric acid-hydrogen perox-
ide solution. These data are useful because of lower detection
limits for Ag, Cd, Mo, and Sb, whose concentrations were below
the detection limit utilizing the 40-element ICP-AES method.
Se, W, and Hg were determined using the chemical methods out-
lined by Arbogast (1996). The nonmagnetic heavy-mineral-con-
centrate samples were analyzed by semiquantitative emission
spectrography (ES) for 36 elements (Grimes and Marranzino,
1968). Analytical results of the stream sediment data are listed in
Parnow and others (in press).

Geochemistry of Stream Sediment Samples

A summary table of basic statistics for the 45 stream-
sediment samples (table 1) lists the median, minimum, and
maximum values for elements that have detection ratios greater
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than 0.5 (detection ratio equals the number of unqualified results
divided by the total number of samples in the data set). The data
for the sample (site 32; fig. 1) collected from below the Lost
River mine tailings were excluded from the basic statistics
because the extremely high concentrations of many elements
would bias the mean statistics. This sample was collected from
the Lost River immediately downstream from the main tailings
pile along the river bank and is not representative of natural
background geochemistry of the area. However, this sample is
useful for defining the geochemical signature representative of
tin-bearing skarn deposits in the western Seward Peninsula. The
metalliferous sediment sample contained 13 percent Ca, 4.3 per-
cent Mg, 3 ppm Ag, 1,435 ppm As, 106 ppm Bi, 21 ppm Cd, 285
ppm Cu, 768 ppm Li, 766 ppm Pb, 14 ppm Sb, 136 ppm Sn, 210
ppm W, and 5,200 ppm Zn. Many of these values are several
times greater than the maximum concentrations from the
remaining data set.

The sediment samples taken in the area underlain by the
slate unit of the York terrane are characterized by background
levels of 10-60 ppm As, 5-14 ppm Sn, <0.1 ppm Ag, <10 ppm
Bi, 0.06-0.8 ppm Cd, 18—40 ppm Cu, 16-80 ppm Li, 25-31 ppm
Pb, 1-9 ppm Sb, and 5-10 ppm W. Background values were esti-
mated from visual evaluation of histograms of the geochemical
data. The background values for As, Li, and Sn are quite high
relative to average values for stream sediments derived from
shales and slates (Levinson, 1980), reflecting a broad hydrother-
mal enrichment possibly associated with tin granite alteration
haloes. Typical calcium concentrations of 0.2 to 0.5 percent
characterize sediments derived from the slates, but calcium con-
centrations are locally higher due to calcareous silt and carbon-
aceous limestone interbedded in the slates.

Sediment samples taken from the upper reaches of streams
draining Potato Mountain (fig. 1), an area of known tin occur-
rences, are consistently anomalous in As (85-530 ppm; fig. 2A).

Table 1. Statistical summary of selected elements from 45 stream-sediment samples (minus-80-mesh) from the western Seward

Peninsula, Alaska.

[All concentrations in ppm unless otherwise noted; detection ratio is the number of samples with unqualified values divided by the total number of samples; values
below detection limit were set equal to 0.7 times the lower detection limit. All elements were analyzed by 40-element inductively coupled plasma-mass
spectrometry (ICP-AES), except for Cd, Mo, and Sb, which were analyzed by 10-element ICP-AES because of lower detection limits. Selenium was analtyzed by
hydride generation; tungsten was analyzed by neutron activation analysis (NAA). Samples were also analyzed for Ag and Au by 10-element ICP-AES, but more
than 60 percent of the data were below the lower determination limit. All analyses done by USGS contract lab, XRAL Inc., Ontario, Canada])

Element Detection Median Minimum Maximum 85th 90th Geometric Geometric

analyzed ratio percentile percentile mean deviation
Al (%) ! 7 1.1 8.6 7.9 8.2 6.1 1.5
Ca (%) 1 .68 0.18 22 11 16 1.5 5.4
Fe (%) 1 4.8 0.73 6.9 5.9 6 4.2 1.6
K (%) 1 1.9 0.34 2.5 2.3 23 1.7 1.5
Mg (%) 0.96 1.3 0.67 6.5 3.1 3.7 1.5 1.7
Na (%) 1 .65 0.05 1.1 0.93 0.94 .56 1.8
P (%) 1 .07 0.01 0.13 0.11 0.12 .07 1.7
Ti (%) 1 41 0.05 0.95 0.54 0.61 32 1.9
As 0.87 32 10 530 95 101 33 2.9
Ba 1 353 38 2510 995 1460 439 2.2
Cd 1 0.2 0.05 1.6 0.6 0.8 0.2 24
Ce 1 82 7 361 115 118 70 1.9
Co 1 19 3 32 27 28 17 1.7
Cr [ 95 13 140 123 125 84 1.6
Cu I 23 3 59 30 41 22 1.7
Ga 1 21 14 31 26 26 21 1.2
Hg 1 0.063 0.014 0.287 0.174 0.212 0.06 22
La I 38 4 132 51 54 32 1.8
Li 1 61 9 132 80 96 57 1.6
Mn 1 744 175 3660 1010 1180 726 1.7
Mo 1 0.7 0.3 8.2 2.8 3.1 1 2.2
Nd 0.96 36 10 199 56 59 34 1.8
Ni 1 50 8 76 61 66 46 1.5
Pb 1 25 4 86 30 31 23 1.6
Sb 0.51 0.7 1 26 9 9 1.5 3.0
Sc 1 15 3 21 19 19 13 1.5
Se 0.91 0.3 0.2 1 0.6 0.8 0.3 1.7
Sn 0.64 7 5 62 14 16 7 2.0
Sr 1 86 53 470 302 337 119 1.9
\% 1 142 17 298 166 180 131 1.6
w I 6.7 4 17 10 10 © 6.9 1.4
Y 1 14 4 24 17 18 14 1.3
Zn 1 100 15 155 120 133 90 1.5
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Figure 2. A, Concentrations of arsenic in ppm in stream sediments. B, Concentrations of tin in ppm in stream sediments.

Also, they show consistent anomalies for tin (fig. 2B), as well as
enrichments of Ag, Be, Cu, Ni, Sb, and W. The sediment sam-
ples collected in the same drainages, but at lower elevations
flowing through the Quaternary sediments directly upstream

from Lopp Lagoon (sites 23, 27, 28, 112, and 118; fig. 1), gener-
ally contain background tin and arsenic concentrations. How-
ever, two of the five samples (sites 23 and 27) collected in the
lower reaches contain As concentrations of 78 ppm. In addition,
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Table 2. Factor loadings for selected elements for 45 stream-
sediment samples collected from the western Seward
Peninsula, Alaska.

[Leaders (--) indicate loadings less than |0.5]; negative loadings in boldface
type]

Element Factor 1 Factor 2 Factor 3 Factor 4
Al 0.92 - - -
Ca —0.81 - - --
Fe 0.95 - - --
K 0.89 - - -
Mg —0.82 - - -
Na 0.89 - - -
P 0.93 - - -
Ti 0.88 - - -
Mn 0.72 - - -
As -- - 0.84 -
Ba - 0.89 - -
Cd - 0.87 - -
Ce 0.86 - - -
Co 0.88 - - -
Cr 0.93 -- - -
Cu 0.50 0.68 - --
Ga - -- - -
Hg - -- - —0.66
La 0.83 - -- -
Li 0.79 - -- -
Mo - 0.87 - -
Nd 0.85 - - -
Ni 0.82 - - -
Pb 0.69 - - --
Sb - - 0.87 -
Sc 0.94 - - -
Se -- 0.71 - -
Sn - - 0.72 -
Sr —0.63 0.55 - --
\% 0.83 0.51 - -
W 0.03 - 0.62 -
Y 0.62 0.54 - -
Zn 0.87 - - -

the most western of these (site 118) contains 361 ppm Ce, 8 ppm
Eu, 132 ppm La, and 199 ppm Nd, the highest concentrations of
these elements from the study area.

The samples collected in the eastern portion of the study
area, which is underlain by the dolomitic part of the limestone
unit of the York terrane, had mainly background concentrations
of Ag (<0.8 ppm), As (10-50 ppm), Ba (400-1,000 ppm), Cu (5—
30 ppmy), Cd (0.3-0.8 ppm), Ni (30-60 ppm), Pb (15-30 ppm),
Sb (<1 ppm), Sn (<5 ppm), V (80~180 ppm), Zn (56-130 ppm),
and W (5-10 ppm). Background populations were again defined
through visual inspection of histograms of the data for the sedi-
ments draining the limestone unit. Locally high concentrations
of Ba (1,460-2,510 ppm), Cd (0.8-1.6 ppm), Mo (3.1-5.4 ppm),
and V (180-225 ppm) primarily reflect material weathered from
argillaceous interbeds.

Two samples (sites 109 and 110; fig. 1) collected from a
small tributary of York Creek along the eastern border of the
study area contained arsenic concentrations of 51 and 72 ppm
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(fig. 2A), respectively, suggesting possible hydrothermal miner-
alization even though there are no known granites in the area.
The sample with 72 ppm As also contained detectable gold and
silver, further suggesting hydrothermal mineralization distal to
any known granite. Anomalous Mo (6.8-8.2 ppm) and V (298-
235 ppm) in the two samples can best be attributed to argilla-
ceous units within the limestone-dominant unit.

One of the sediment samples collected from a stream on the
northeast side of Brooks Mountain (site 103; fig. 1) had a tin
value of 22 ppm. This sample also had anomalous values for As
(99 ppm), Cu (49 ppm), Li (110 ppm), Ni (66 ppm), Pb (86
ppm), and Sb (9 ppm). These enrichments reflect the known tin
occurrences upstream and nearer to the peak of Brooks Moun-
tain. This is further supported by a concentration of 26 ppm Sb
at an adjacent site (site 104, fig. 1).

Factor Analysis of Stream-Sediment Data

Element associations for the 45 stream sediments (not
including the Lost River site) were determined by factor analy-
sis. R-mode factor analysis with Varimax rotation was used to
identify dominant geochemical associations in the sediment
data. The data were log-transformed prior to analysis, as most
geochemical data are log-normally distributed (Koch and Link,
1970). The log transformation attempts to normalize the distri-
bution so that the statistical analysis is valid. Resulting factors
often delineate suites of elements that are geochemically associ-
ated with specific rock types or mineral deposits. Factor loadings
may be interpreted in much the same way as correlation coeffi-
cients. A high factor loading indicates a strong association of the
particular variable (element) with the given factor. The associa-
tion of each sample within a given factor is analyzed by its score
onto that factor. The greater the absolute score of a given sample,
the stronger the correlation to the element or suite of elements
defined by the factor.

A four-factor model, which accounts for 82 percent of the
total variance, was chosen as the most appropriate for summariz-
ing the data set. Table 2 lists the factor loadings for all of the ele-
ments that had a detection ratio of greater than 0.5 and were,
therefore, included in the factor analysis. Gold and silver,
although elements of economic interest, were among those ele-
ments deleted from the factor analysis due to low detection
ratios.

Factors land 2 (figs. 3A and 3B) reflect geochemical signa-
tures of the dominant lithologies of the study area. Factor 1 has
high positive loadings for Al, Fe, K, Na, P, Ti, Mn, Ce, Co, Cr,
Cu, La, Li, Nd, Ni, Pb, Sc, V, Y, and Zn, and negative loadings
for Ca, Mg, and Sr. Plots of the factor scores (fig. 3A) indicate
that samples with positive scores for factor 1 are located mainly
in the western portion of the study area, which is underlain by
slates. All of the sites having strong negative scores for factor 1
are located along the Mint River, Yankee River, and York Creek,
or their tributaries, and are underlain by carbonate rocks. Factor
2 has high positive loadings for Ba, Cd, and Mo, (>0.85), and
slightly lower positive loadings (0.5-0.71) for Cu, Se, Sr, V, and
Y. The samples with highest scores onto factor 2 (fig. 3B) were
collected from the streams and rivers that are underlain by
carbonates; thus, the geochemical signature must reflect the
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abundance of argillaceous interbeds. Sites 109 and 110 (fig. 1)
have high positive scores for factor 1, but also have positive
scores for factor 2. These two samples sites reflect sediment con-
tributions from both the slates and the carbonates in an area
along the west side of York Creek.

Factor 3 shows a strong positive correlation between As,
Sb, Sn, and W. This group of elements defines the geochemical
signature of sediments influenced by tin occurrences of the
region. Ten of the samples with high scores (>0.4) for factor 3
(fig. 4) were collected in the stream drainages of Potato Moun-
tain. Other samples with high factor-three scores were collected
from drainages northeast of Brooks Mountain (sites 103 and
104; fig. 1) and from southwest of Potato Mountain (sites 24
and 114; fig. 1). Although none of these sites contained elevated
tin concentrations in the stream sediments, most had anomalous
As and W, which are indicator elements for hydrothermal tin
granites. Possibly, the data from sites 24 and 114 indicate addi-
tional undiscovered tin occurrences between Potato Mountain
and Cape Mountain. Stream-sediment samples collected from a

168°

small tributary of York Creek (sites 109 and 110; fig. 1) had low
scores for factor 3 and low concentrations of tin, although
heavy-mineral-concentrate samples contained greater than 2,000
ppm tin and detectable tungsten (150 ppm) collected from the
same sites.

Factor 4 was defined by a loading for mercury of —0.66.
Analysis of the raw data indicates that this is due to minor
variation in the mercury concentrations due to differences in
lithology.

Geochemistry and Mineralogy of Heavy-
Mineral-Concentrate Samples

Basic statistics for the heavy-mineral concentrates are listed
in table 3. Eight of the fourteen samples collected in the drain-
ages of the Potato Mountain area (fig. 1) contained greater than
2,000 ppm Sn. Three of these samples (sites 04, 116, and 117;
fig. 1) showed significant amounts of As (500 ppm), B (1,000-
2,000 ppm), Bi (20-2,000 ppm), and Be (2-5 ppm), but similar
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Table 3. Basic statistics for 29 heavy-mineral-concentrate samples collected from the western Seward Peninsula.

[All concentrations in ppm unless otherwise noted; detection ratio is the number of samples with unqualified values divided by the total number of samples; N, number of samples qualified with “N” (not
detected at lower detection limit); L, number of samples qualified with “L” (less than lower detection limit); G, number of samples qualified with “G” (greater than detection limit); geometric mean
calculated using all data—values with “N”" were set equal to 0.5 times the lower detection limit; values of L were set equal to 0.7 times the lower detection limit; and values of G were set to 1.3 times the
upper detection limit]

Element Detection N L G Median Minimum Maximum 85th 90th Geometric Geometric

ratio percentile percentile mean deviation
Ca (%) 1 0 0 0 2 0.1 15 10 10 2.39 0.65
Fe (%) 1 0 0 0 0 0.2 5 2 2 0.94 0.30
Mg (%) 1 0 0 0 1 0.07 7 2 2 0.78 0.46
P (%) 0.72 3 5 0 1 0.7 3 2 2 0.91 0.34
Ti (%) 0.76 0 0 7 1 0.03 2.6 2.6 2.6 0.90 0.45
B 0.97 1 0 0 700 20 2000 1500 2000 295 0.11
Ba 0.97 0 0 1 500 50 13000 5000 7000 705 0.72
Co 0.69 2 8 0 20 20 70 30 50 21 0.67
Cr 0.93 0 2 0 50 20 200 100 100 48 0.21
Cu 0.93 0 2 0 15 15 100 50 50 20 0.27
Ga 0.59 5 7 0 10 10 20 15 15 9 0.29
La 0.55 2 4 7 200 100 2600 2600 2600 357 0.17
Mn 1 0 0 0 500 50 700 500 700 325 0.65
Ni 0.72 2 6 0 20 15 150 70 100 22 0.29
Pb 0.45 2 14 0 14 20 100 50 50 21 0.35
Sc 0.83 1 4 0 15 10 100 30 50 16 0.27
Sn 0.66 10 1000 20 2600 2600 2600 471 0.77
Sr 0.83 3 2 0 500 300 1000 1000 1000 480 0.33
\'% 0.97 0 1 0 70 50 200 100 100 69 0.20
Y 0.97 0 1 0 70 30 100 100 100 61 0.24
Zr 1 0 0 0 300 50 2000 1000 1500 359 0.40
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concentrations of Cu (15-50 ppm), Ni (20-100 ppm), and Pb
(20-100 ppm) when compared to the stream sediments. Two of
the samples also contained 200-300 ppm tungsten.

The samples that were collected in the eastern portion of
the study area, which is underlain by carbonate rocks, typically
had barium concentrations of 3,000 to greater than 10,000 ppm.
This is supportive of the presence of detrital barite. But, in addi-
tion, the sample collected from the stream northeast of Brooks
Mountain (site 103; fig. 1) contained 500 ppm As and 200 ppm
Sn. The two samples from a tributary of York Creek (sites 109
and 110; fig. 1) contained greater than 2,000 ppm Sn and detect-
able W (150 ppm). These data support the existence of exposed
tin-bearing occurrences in these drainage basins.

Concentrate samples with anomalous tin and arsenic values
were microscopically examined for identification of associated
mineral phases. Because of the highly weathered nature of the
grains, it was not possible to optically determine if the dominant
sulfide in the concentrates was pyrite or arsenopyrite. Emission
spectrographic analyses of the sulfide grains indicate that the
samples contained concentrations of greater than 20,000 ppm
As. This suggests that arsenopyrite is the dominant sulfide min-
eral. Metal-rich samples collected at sites in the Potato Mountain
area and from streams northeast of Brooks Mountain contained
cassiterite, pyrite, monazite, zircon, titanite, tourmaline, and
rutile, in addition to arsenopyrite. Two of the samples also con-
tained minor amounts of scheelite. Two samples (109 and 110;
fig. 1) collected in a tributary of the York River contained cas-
siterite, monazite, rutile, tourmaline, sphene, and some pyrite/
arsenopyrite.

The samples that were collected in the eastern part of the
study area, in the drainages underlain by argillaceous and dolo-
mitic limestone, contained appreciable amounts of barite and
zircon, and fragments of limestone and dolomite. One sample
(site 12; fig. 1), collected in the upper reaches of Skookum Creek
at the contact between slates and carbonates, contained 2,000
ppm Mo, which indicates an upstream molybdenite-bearing
occurrence.

Geochemistry of Water Samples

Water samples were collected at 49 sites. Table 4 lists the
basic summary statistics for the water samples collected during
this study. Samples collected near the Lost River mine were
excluded from the tabulation because they would strongly skew
the data. Field pH measurements (table 5) indicate that most sur-
face waters are slightly alkaline, with values ranging from 7.5-
8.2. Conductivity, also measured in the field, varied over almost
an order of magnitude, ranging between 51 and 729 micro-
mhos/s (table 5). The lowest values reflect headwater seeps that
have limited flowpaths and thus relatively little water/rock inter-
action (sites 02, 08, and 103; fig. 1). Analytical results for fil-
tered water samples (Parnow and others, in press) indicate a
consistent pattern of Ca>>Mg>Na>K in both the areas underlain
by slate and carbonate units of the York terrane. There are no
appreciable differences in dissolved calcium and magnesium
levels, regardless of whether the samples were collected in
streams underlain by slate or limestone. This is indicative of

Table 4. Data for dissolved constituents in filtered, acidified stream-water samples collected from the western Seward Peninsula.

[All concentrations in ppb unless otherwise noted}]

Element Detection Median Minimum Maximum 85th 90th Geometric Geometric
analyzed ratio percentile percentile mean deviation
Ca (ppm) 1 20 1.8 84 38 46 18 0.32
Mg (ppm) I 6.4 0.30 19 11 13 5.22 0.38
Na (ppm) 1 3.2 0.76 5.9 4.4 4.9 2.76 0.24
SiO, (ppm) 0.64 2 1 9.6 4 5 1.1 0.33
K 1 280 54 830 430 510 245 0.28
Al 0.85 5 0.83 1100 100 100 14 1.49
Ag 0.66 0.07 0.01 100 100 100 0.52 0.46
As 0.26 0.14 0.20 2 0.30 0.60 0.20 0.30
Ba 1 5 0.10 66 18 28 5.59 0.56
Co 0.62 0.02 0.01 8.9 0.07 0.10 0.03 0.65
Fe 1 31 7 160 59 85 31 0.33
Li 0.87 1.2 0.20 100 2.1 3.7 1.32 0.43
Mn 1 0.33 0.01 120 8.5 29 0.47 1.09
Mo 0.55 0.04 0.10 0.51 0.40 0.40 0.07 0.54
Ni 1 0.40 0.1 20 1.0 1.2 0.51 0.46
P 0.51 10 1 100 39 100 11.38 0.56
Rb 0.98 0.30 0.2 100 1.4 2.5 0.34 0.66
Sb 0.55 0.03 0.02 0.30 0.10 0.20 0.03 0.42
Sc 0.83 0.30 0.10 100 0.50 0.5 0.31 0.22
Se 0.53 0.2 0.2 0.6 0.3 0.4 0.22 0.19
Sr 1 100 9.2 320 170 210 83 0.33
U 0.74 0.04 0.008 5.80 1.10 1.30 0.06 1.05
132 Geologic Studies in Alaska by the U.S. Geological Survey, 1997



Table 5. Field-measured pH and conductivity for 49 stream-
water samples collected from the western Seward Peninsula.

Site pH Conductivity
no. {1S/cm)
1) TR 4.9 e 145
02 5.7 e 56
03 6.1 i 132
04, 7.3 s 282

05 e, 6.5 e, 216
06, 7.0 e 323

(0 S 6.9 e 258

08..oiiiiiine

interbedded carbonates within the slates of the York terrane
contributing significant amounts of calcium to dissolved loads.
This is further supported by the variation of bicarbonate in the
area underlain by slate (fig. 5A). Dissolved sulfate levels for
waters collected in streams underlain by slates are typically in
the range of 20-38 ppm, and the waters collected in the areas
underlain by carbonates have sulfate concentrations <20 ppm

(fig. 5B). Dissolved iron generally ranges between 20—40 ppb in
both areas, but most trace metals were always below analytical
determination limits; these include <0.2 ppb As, <0.05 ppb Be,
<0.02 ppb Cd, <0.5 ppb Cu, <10 ppb Mn, <0.2 ppb Mo, <1 ppb
Ni, <0.05 ppb Pb, <0.02 ppb Sb, <0.05 ppb Sn, and <3 ppb Zn.

Two water samples were collected at the Lost River mine,
located south of the study area. Samples were collected from a
small seep at the base of the main tailings piles (site 33; fig. 1)
and from Lost River, immediately downstream from the mine
workings (site 32; fig. 1). Resulting analytical data provided
geochemical signatures characteristic of waters that have inter-
acted with tin-rich mineralized rock typical of the western
Seward Peninsula. Conductivity values were at background lev-
els (167 and 163 micro-mhos/s) and were comparable to those
from elsewhere in the study area. The carbonate host rock buff-
ered the water such that the pH’s were alkaline despite the abun-
dance of sulfide minerals in the tailings. The seep in the tailings,
despite the alkaline pH, does show significant enrichment of
metals when compared to the waters collected from the areas of
known, but undeveloped, occurrences in the Potato Mountain
area. However, all absolute concentrations remain extremely
low. The filtered water sample from site 33 (fig. 1) contained
only 3.2 ppm sulfate, but 180 ppb As, 90 ppt Cd, 0.7 ppb Cu, 8.9
ppb Mo, 1.5 ppb Sb, 0.4 ppb W, and 10 ppb Zn. A large volume
of suspended material in the water is indicated by elevated con-
centrations of metals in the unfiltered samples from the same site
(4.4 ppm Al, 2.5 ppm Fe, 470 ppb As, 3.1 ppb Be, 2.7 ppb Cd, 38
ppb Cu, 420 ppb Mn, 5.5 ppb Mo, 2.2 ppb Ni, 270 ppb Pb, 6.2
ppb Sb, 8 ppb Sn, 23 ppb Ti, and 600 ppb Zn)

Most of the water samples collected in the drainages sur-
rounding Potato Mountain contained background concentrations
of all metals, including the same metals that were anomalous in
sediments collected from these sites. However, waters at sites
04-07 and 116-117 (fig. 1) showed enrichments in As (0.2-0.7
ppb) and Sb (0.2-0.3 ppb) concentrations, both which are indi-
cator elements for tin deposits. Also, samples collected at sites
01 and 117, located just north of Potato Mountain (fig. 1) were
acidic (pH 4.85 and 4.73, respectively) and had relatively high
concentrations of dissolved Al (1,100 and 360 ppb), Cu (2 and 6
ppb), Mn (120 and 71 ppb), and Ni (20 and 12 ppb). Sites 01 and
117 had very low alkalinity (3.3 and 1.0 ppm) relative to the
other samples collected near Potato Mountain, signifying a
decrease in the buffering ability of the water. This may be due to
weathering of sulfides, which would decrease the pH. However,
there was no significant increase in dissolved iron, although
sample 117 did have measurable arsenic (0.7 ppb). Dissolved
sulfate concentrations ranged between 40—75 ppm in the waters
collected from areas of known tin occurrences. Increased sulfate
concentrations may be the best hydrogeochemical indicators of
the Potato Mountain tin-bearing occurrences.

The sites located in the carbonate-dominated unit of the
York terrane, along the eastern margin of the studied area that
had anomalous arsenic and tin in stream sediments and heavy-
mineral concentrates, also contained slightly elevated metal
concentrations in water samples. Sites 109 and 110, located
within the York Creek watershed (fig. 1), had the highest con-
ductivities of any samples (729 and 635 micro-mhos/s), but pH
was slightly alkaline (7.5 and 7.6). Relatively high concentra-
tions of Fe (85-160 ppb) and Mg (13-19 ppm) at these sites
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samples.

could be due to lithologic variations, representative of water-
rock interaction with both the slates and the carbonates, as there
is a small outcrop of slate to the north of the two sites (fig. 1).
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However, slight enrichments in dissolved tin (0.1 ppb at site
110) and arsenic (0.5 ppb at site 109) are consistent with a tin-
mineralized source. Sites 103 and 104, in the headwaters of
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York Creek (fig. 1) and also characterized by previously
described anomalies in other sample media, contained 1-2 ppb
dissolved arsenic and 0.2 ppb dissolved tin.

Six samples were collected from the mouths of streams at
Lopp Lagoon. The waters had a broad variation in pH ranging
from 5.5-8.3. Five of the six samples were collected from
streams draining Potato Mountain, and that from site 22 was col-
lected at the mouth of the Mint River. Sites 27, 28, and 118 were
sulfate-dominated waters, whereas sites 22, 23, and 112 (fig. 1)
were bicarbonate-dominated waters. The sulfate-dominated
waters may indicate greater input from waters that have inter-
acted with the tin occurrences and their associated sulfide miner-
als. Site 27 had the lowest pH (5.53) and had corresponding high
concentrations of dissolved cations (99 ppb Al, 47 ppb Mn, 8.3
ppb Ni, and 8 ppb Zn) and detectable levels of As (0.3 ppb).
Sites 27 and 112 contained elevated concentrations of Fe (110-
150 ppb) and Mn (47 and 29 ppb). The elevated iron and manga-
nese at these two sites compared to the rest of the study area may
be due to particulates in the water that are smaller than the 0.45-
pm filter that was used. The increased particulates may be due to
greater biologic activity in the lower reaches of the stream,
which increases respiration and causes oxidation of the sedi-
ments. This is further supported by the total iron concentrations
at these sites, which are an order of magnitude greater than the
average iron concentration (250-280 ppm, avg = 64 ppm). Only
two of the water samples (sites 23 and 27) collected at the
mouths of the streams contained detectable arsenic concentra-
tions (0.3 ppb). These sites also contained the highest arsenic
concentrations (78 ppm) in the stream sediments collected from
near Lopp Lagoon.

Discussion

An understanding of the distribution of trace metals in the
environment along the western Seward Peninsula is critical for a
number of reasons. The tin granites and their associated mineral
occurrences represent a potentially significant metal source that
is directly eroded into Lopp Lagoon and the Bering Sea. Further-
more, geophysical evidence suggests that these metalliferous
intrusive systems continue beneath the Bering Strait (Rick Sal-
tus, oral commun., 1997). If correct, then additional mineralized
material is exposed across this shallow part of the Bering Sea.
Metals such as Cd, As, and Hg have been recognized at elevated
levels in marine mammals off Alaska's west coast (for example,
see Taylor and others, 1989; Becker and others, 1995). This may
simply be natural biomagnification of such metals by the large
mammals, but these high metal concentrations may, in part,
reflect more local contributions from metalliferous locations on
the western Seward Peninsula. Also of concern is whether metals
are being enriched in plants or in fish in Lopp Lagoon, both of
which the villagers of Wales depend on as a food source.

The first step in identifying any potential environmental
problems within the local ecosystem is to determine background
levels for the metals. Arsenic and tin appear to be the elements
with the greatest natural fluctuation in this studied area of west-
ern Alaska. Our stream-sediment data identify natural arsenic
levels in stream sediments of as much as 530 ppm downstream
from known, but undeveloped, mineral occurrences in the higher
elevations of Potato Mountain. To the east, concentrations of
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about 100 ppm As characterize streams draining Brooks Moun-
tain, and stream sediments with as much as 72 ppm As occur in
tributaries of lower York Creek. The former anomalies are also
associated with known mineral occurrences, whereas the latter
suggest the presence of exposed, but unrecognized, occurrences.
To the west, in the lower elevations approaching the village of
Wales, a concentration of 95 ppm As was determined at site 114
(fig. 1), also distal from any recognized tin-bearing occurrences.
The data collected in 1997 were not able to duplicate the NURE-
reported concentration of 635 ppm As for stream sediments just
upstream from Lopp Lagoon, but concentrations of as much as
78 ppm As confirm that significant amounts of arsenic are reach-
ing the lagoonal muds.

Tin, while not usually an element of environmental con-
cern, has been found in elevated concentrations (19-35 ppm dry
weight) in the livers and kidneys of walruses harvested from the
Bering Sea (Warburton and Seagars, 1993). The average concen-
tration of tin in most rock types ranges between 1 and 3 ppm
(Levinson, 1980), and sediments eroded from such rocks will
typically have similar tin concentrations. Due to the tin-rich
alteration of rocks throughout this part of the Seward Peninsula,
resulting sediments from our studied area consistently contain
greater than 5 ppm Sn. Highest concentrations are again in sedi-
ments on Potato Mountain, with measured concentrations of as
great as 62 ppm, and below Brooks Mountain with 22 ppm. All
six sediment samples collected along Lopp Lagoon contained 7—
14 ppm Sn, indicating that detrital tin is likely accumulating
along this part of the coastline. In addition, 15 ppm Sn character-
izes sediments from site 114 in the western part of our studied
area (fig. 1).

Other elements that are commonly enriched in the tin-
bearing occurrences, such as Ag, Cu, F, Pb, W, and Zn, are not
anomalous in stream sediments of the western Seward Penin-
sula, excluding the anthropogenic enrichments below the large
Lost River mine tailings pile. Beryllium, a signature element
for many of the tin occurrences in the Seward Peninsula, rarely
shows significant enrichment in stream sediments. A few sam-
ples from the study area contained 1-2 ppm Be, but the remain-
der contained less than 1 ppm Be. All samples contained less
than 0.3 ppm Hg, and all except one sample contained less than
0.8 ppm Cd. The only sample with a greater cadmium concen-
tration (1.6 ppm) was collected at site 103 below Brooks
Mountain (fig. 1).

Extremely low concentrations of dissolved trace elements
characterize all waters from the study area. Many trace elements
become slightly more soluble in the acidic surface flow (pH 5-6)
near the top of Potato Mountain. Dissolved species in the Potato
Mountain samples include 1.1 ppm Al, 2 ppb As, 200 ppb Be,
300 ppb Cd, 6 ppb Cu, 71 ppb Mn, 20 ppb Ni, 300 ppb Sb, and
10 ppb Zn. Similar concentrations of these elements also charac-
terize acidic streamflow just above Lopp Lagoon at site 27. The
reason for the pH-5.5 water at this low elevation, far from any
exposed bedrock, is uncertain. Perhaps it identifies (a) a large
influx of ground water from higher elevation recharge zones to
the south, or (b) a possible acidic input from the breakdown of
organics. Many of the unfiltered water samples from throughout
the study area contain 2-5 times more iron than filtered water
samples from the same sites. Concentrations of 100-250 ppb Fe
in these unfiltered waters reflect minor amounts of colloidal
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oxyhydroxides. Arsenic is not soluble at the pH range of our
study area, but may adsorb onto oxyhydroxides. However, the
data shows no correlation between increased total iron and
increased arsenic.

Conclusions

Results from our study indicate that solution transport of
metal phases from the tin-bearing occurrences of the western
Seward Peninsula is extremely insignificant. Furthermore, acidic
water drainage in this area poses little problem due to the natural
buffering of waters by carbonate units of the York terrane. How-
ever, detrital transport of tin- and arsenic-enriched mineral
grains is significant, as is indicated by relatively high concentra-
tions of the elements in stream sediments surrounding Potato
Mountain. Enrichments in sediments are traceable as far north as
the edge of Lopp Lagoon. Future study should examine any fur-
ther dispersion through the local ecosystem, such that arsenic or
tin enrichments can be traced into lagoonal muds, fish, and seals
within the lagoon or into local plant species harvested by the vil-
lagers of Wales. Other inorganic contaminants that may be of
environmental concern along the Bering Sea, such as mercury
and cadmium, do not have any obvious point sources within our
studied area.
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Major-Element, Trace-Element, and
Strontium-Isotope Systematics of Natural
Waters in the Fairbanks Mining District:
Constraints from Local Geology

By Richard J. Goldfarb, G. Lang Farmer, Barrett A. Cieutat, and Allen L. Meier

Abstract

The chemical characteristics of natural waters were studied
over a large area north of Fairbanks, Alaska, within the Yukon-
Tanana terrane. Waters dominated by calcium, bicarbonate, and
sulfate from seeps and streams within areas underlain by rocks
of the Fairbanks Schist typically had pH levels of 7.2-8.2, con-
ductivities of 100-200 puS/cm, and concentrations of 13-20 ppm
Ca, 4-7 ppm Mg, 0.7-1.2 ppm K, and 8-36 ppm suifate. In con-
trast, waters that interacted with mid-Cretaceous granitoids
intruding the schist were characterized by more acidic pH’s of
6.8-7.1, much lower conductivities, and <9 ppm Ca, 0.6-0.7
ppm Mg, 0.3-0.4 ppm K, and <2 ppm sulfate. These waters were
also enriched in dissolved Si, F~, and U relative to those in con-
tact with schist. Dissolution of relatively soluble Ca-Mg silicates
in eclogite, the dominant lithology of the Chatanika assemblage,
were responsible for highly alkaline surface waters that contain
as much as 61 ppm Ca, 22 ppm Mg, 2.6 ppm K, and 140 ppm
sulfate. Strontium isotopic ratios varied from 0.7146 to 0.7182
for waters in contact with granites to 0.7282-0.7364 for those in
contact with schist; those draining eclogite were intermediate to
these two ranges. Ground and surface waters that had contacted
eolian overburden have less predictable hydrogeochemical sig-
natures.

Introduction

Fairbanks is Alaska’s second largest city, with a 1997 popu-
lation of about 80,000. Many inhabitants rely on ground water
from private domestic wells for their drinking supply. Therefore,
background hydrogeochemical data for surface and ground
water in the Fairbanks region are critical for land-use planning,
regulatory considerations, and prioritization. In the mid-1970’s,
extremely high concentrations of dissolved arsenic were found
to be present locally near Fairbanks, both in ground water near
Ester dome and in a belt extending northeast along the Gold-
stream Creek valley (fig. 14). Dissolution of widespread arse-
nopyrite, and its oxidation product scorodite, within many
aquifers was shown to contribute to natural background

concentrations of dissolved arsenic in ground water at as much
as 10 ppm (Hawkins and others, 1982), 200 times greater than
the 50 ppb maximum contaminant level recommended by the
State of Alaska (Alaska Department of Environmental Conserva-
tion, 1996). This has caused many homeowners in affected areas
to use distillation, reverse osmosis, or activated alumina to
remove much of the arsenic

Despite the abundance of information on dissolved arsenic
content, published data for other low-level trace metals in
ground water across the area are relatively uncommon. Some
multielement hydrogeochemical data have been recently col-
lected from areas proximal to specific ore deposits, due to
renewed interest in lode gold mining in the Fairbanks area. For
example, Fairbanks Gold Mining, Inc., has collected a wealth of
such data from wells and streams surrounding the Fort Knox
gold mine (i.e., Fairbanks Gold Mining, Inc., Water Quality
Data, 1992-1994, unpub. company report). In addition, govern-
ment agencies have begun to collect background data for waters
surrounding active placer (Ray and others, 1992) and abandoned
lode (Goldfarb and others, 1997) gold mines. However, as addi-
tional commercial and residential development takes place in the
Fairbanks area, detailed hydrogeochemical data will be needed
for areas other than those directly adjacent to present or past
mining activities.

The aim of this investigation is to obtain major- and trace-
element hydrogeochemical and Sr isotopic data that will serve as
a baseline for Fairbanks ground and surface waters. In addition,
these data will provide constraints on the source lithologies of
specific ground-water chemical characteristics (e.g., high arsenic
content). Such information will be important for future assess-
ments of water supply and quality in the Fairbanks area, as well
as for human health studies. Furthermore, bedrock exposures in
central Alaska are limited, due to low relief and thick loess
cover, and, as a result, the subsurface geology of the region is
difficult to constrain. However, because the chemical and isoto-
pic compositions of the ground waters are mainly a function of
the underlying geology and the amount of water-rock interac-
tion, hydrogeochemical signatures in the region could help iden-
tify unexposed rock units, including felsic igneous rocks that are
spatially associated with many of the Fairbanks gold deposits.
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Figure 1. A, Site locations for water samples from the Fairbanks area within the Yukon-Tanana terrane. Local bedrock geology of this part of the terrane is generalized from Newberry and
Bundtzen (1996). B, Concentrations of potassium in ppb for filtered water. C, Concentrations of sulfate in ppm for filtered water samples. D, Ratios of 8Sr/8Sr for filtered water samples.



Regional Geology

The Fairbanks area (fig. 14) is underlain by metamor-
phosed rocks of the Yukon-Tanana terrane, which have been
described in detail most recently by Robinson and others
(1990) and Newberry and Bundtzen (1996). The area’s struc-
turally highest rocks, belonging to the more northerly Chatan-
ika assemblage, include Devonian to Mississippian quartzite,
schist, marble, and amphibolite. A calc-silicate mineral assem-
blage is common throughout these oceanic rocks, which have
been regionally metamorphosed to eclogite facies. The under-
thrust parautochthonous metasedimentary rocks of the Protero-
zoic Fairbanks Schist are mainly composed of quartzite and
quartz-muscovite schist, with lesser amphibolite and rare mar-
ble. They have been locally intruded by Mississippian grano-
dioritic orthogneiss. The entire Fairbanks Schist package was
metamorphosed to amphibolite facies at the end of the Paleo-
zoic, followed by greenschist-grade retrograde metamorphism
in the Early Cretaceous (Newberry and Bundtzen, 1996). A
few local lithologic sequences have been distinguished in fault
contact with the Fairbanks Schist near the Fairbanks city lim-
its. Greenschist-facies phyllites of the Ordovician(?) to Devo-
nian Birch Hill Sequence crop out along the northern and
western borders of the city limits. Amphibolite-facies metavol-
canic rocks and schists of the Upper Devonian Muskox
Sequence are mainly recognized about 10 km west of the city.

Mid-Cretaceous intrusive bodies and early Tertiary oliv-
ine basalts are scattered throughout the Chatanika assemblage
and the Fairbanks Schist (Robinson and others, 1990; New-
berry and Bundtzen, 1996). The intrusive rocks are granitic,
granodioritic, or tonalitic in composition; range in age from
94-88 Ma; and comprise the topographic domes that are
responsible for much of the local relief (e.g., Pedro, Ester, and
Gilmore domes). Many of the epigenetic gold-bearing quartz
veins and stockworks of the Fairbanks mining district are spa-
tially associated with these igneous bodies. The olivine basalts
are tholeiitic in composition, range in age from about 56-50
Ma, and represent subaerial and lacustrine extrusions (New-
berry and Bundtzen, 1996).

More than 8 million ounces of gold have been recovered
historically from the placer fields of the Fairbanks region.
More recently, low-grade bulk-tonnage deposits, the probable
source for much of the alluvial gold, have become important
new mining targets in the district. Mining has commenced at
the Fort Knox deposit (>7 million oz gold), and additional
large targets exist at the True North and Ryan Lode properties.
Deposits are hosted by porphyritic granitic bodies (i.e., Fort
Knox), the Fairbanks Schist (i.e, Hi-Yu, Christina, and Scraf-
ford), and the Chatanika assemblage (i.e., True North). In addi-
tion to gold, most deposits contain an average of one percent
arsenopyrite, variable pyrite, common stibnite, and local minor
scheelite, molybdenite, pyrrhotite, loellingite, sulfosalts, and
base-metal sulfides (McCoy and others, 1997). Consequently,
hydrothermally altered rocks are irregularly enriched in Fe, As,
and (or) Sb, with grab samples of sedimentary rocks com-
monly containing many tens to hundreds of parts-per-million
arsenic and antimony and finely disseminated sulfides (Metz,
1991). The widespread sulfidation of all lithologic units within

the Fairbanks area is of concern with regard to ground-water
quality, given that oxidation of the sulfide minerals can result
in production of acidic waters with high contents of arsenic
and other metals.

Methods

Description of Studied Sites

We visited 22 sites within the Fairbanks area between July
1-4, 1997. Weather during this period was exceptionally warm
and dry, except for a few brief thunderstorms. Sites were
selected such that samples would be representative of waters in
contact with various lithologic units within the Fairbanks region
(fig. 1A). Our sampling was restricted to ground-water seeps and
stream headwater regions north and east of Fox and, to a lesser
extent, near Ester dome. We did not sample the lower elevations
along the Goldstream Creek valley because private wells in this
location had been already sampled by previous workers such as
Hawkins and others (1982) and Weber (1986). Also, we wanted
to develop a better understanding of the more regional hydro-
geochemical patterns over a broader region north of Fairbanks.
Resulting data could then be compared with the arsenic-rich
ground waters already recognized along the Goldstream Creek
valley.

Because the Fairbanks Schist composes much of the bed-
rock geology in the area, about half of the selected sites were
from areas partly or totally underlain by this unit. Discharge
derived from the metasedimentary schist and metavolcanic
amphibolite of the Fairbanks Schist (Newberry and Bundtzen,
1996) was not distinguished because these two lithologies are
complexly interbedded throughout the study area. Five samples
were collected from streams within the Chatanika assemblage
(sites 97-07, -08, -11, -17, -19); one of these also partly drains
Tertiary basalt (site 97-07). Samples from sites 97-01, -05,
and -06 represent flow discharging from areas exclusively
underlain by mid-Cretaceous granites, whereas five other sites
in the Fairbanks Schist (sites 97-02, -03, -04, -18, -21) contain
some granite outcrops upstream from the sample locations. Site
97-16 was selected because waters there exclusively drain Mis-
sissippian orthogneiss intruding the Fairbanks Schist. Sample
97-22 is representative of waters interacting solely with rocks
of the Muskox Sequence.

Whenever possible, we attempted to place sites as high in
elevation as possible within a given catchment. Therefore, many
of the samples are essentially springs, located by tracing flowing
streams up to their headwaters where the initial discharge was
seeping from the ground. In other cases, we collected samples
farther downstream either because of difficulty of access (sites
97-08, 97-18 to 97-22), or to examine the impact on the water
compositions of changes in rock composition within a given
basin (sites 97-02 to 97-04, -07, -13, -15). In all of these cases,
sample sites were located on the upstream side of access roads.

Field Methods

Water temperature, pH, and conductivity were measured at
each of the sampled sites (table 1) using standard meters and
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probes, and calibrating instruments at each site. Three filtered
water samples were collected in polyethylene bottles at each
location using a 0.45-um filter and a portable battery-operated
pump. An acid-rinsed 60-mL bottle was filled with filtered water
for dissolved-cation analyses, and the sample was acidified in
the field to a pH <2 with ultrapure concentrated nitric acid. An
unacidified, filtered 125-mL sample was collected for determi-
nation of anions. A 1-L acid-rinsed bottle was filled with sample
for isotopic analysis, and it too was acidified with ultrapure con-
centrated nitric acid. All samples were kept cool with ice until
they were returned to Denver, where they were then refrigerated
prior to analysis.

Analytical Methods

Concentrations for more than 60 trace, minor, and major
elements were determined by inductively coupled plasma—mass
spectrometry (ICP-MS) using the methodology of Meier and
others (1994). This analytical method is characterized by analyt-
ical determination limits down to the parts-per-trillion level for
most elements. Laboratory quality control was confirmed by
analysis of one duplicate sample for every ten samples, as well
as a number of U.S. Geological Survey Water Resources Divi-
sion quality-control water standards. Anions were determined by
ion chromatography as described in d’ Angelo and Ficklin
(1996). Alkalinity as CaCO; was measured in the laboratory by
titration. These cation and anion data are shown in tables 2 and
3, respectively.

For the Sr isotopic analyses, five 50-mL aliquots of each
water sample were dried in a Teflon beaker in a class-100 clean-
room environment, and the residues were passed through con-
ventional cation-exchange columns to separate Sr. Total proce-
dural blanks for Sr were approximately 1 ng, with St/
86Sr=0.720. Because an average of 1,200 ng of Sr was processed
for each sample, the blank contribution to each measured *’Sr/
8Sr ratio was inconsequential (<0.00002). The Sr isotopic com-
positions were obtained using a 6-collector Finnigan MAT 261
thermal ionization mass spectrometer at the University of Colo-
rado, Boulder. Repeated measurements of the NBS-987 Sr stan-
dard during the study period produced a mean ratio of
0.710312+2 (20; n=8), which is ~0.00003 higher than accepted
values for this standard. As a result, the Sr isotopic data reported
in table 4 have been corrected downward by this increment.

Interpretation of Water Data

Hydrogeochemistry in Areas of Cretaceous Granite

Waters in contact with mid-Cretaceous granitic rocks at
Gilmore dome have a characteristic and consistent hydro-
geochemical signature. Seeps in granite at the head of Nugget
(site 97-01), Rex (site 97-05), and Pearl (site 97-06) Creeks were
observed in the field to have relatively low conductivities (40-65
uS/cm) compared to waters draining metasedimentary units
(table 1). The pH values for these seeps were essentially neutral,
ranging between 6.8 and 7.1, with relatively low alkalinities
between 27 and 32 mg/L (table 3). Rainwater is slightly acidic in
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the Fairbanks area as noted from the pH measurement of 6.27 at
site 95-20 from Goldfarb and others (1997), and, therefore, we
interpret slightly more alkaline measurements for the seeps on
Gilmore dome to reflect waters that have interacted with mid-
Cretaceous granitic bedrock.

As suggested by the low conductivity measurements, many
of the major cations have relatively low concentrations. Calcium
concentrations of less than 9 ppm, Mg of about 0.6-0.7 ppm,
and K between 330 to 380 ppb are relatively low compared to
most samples in the Fairbanks area (table 2; fig. 1B). These
waters also have distinctively low sulfate levels (2 ppm or less;
fig. 1C) but have the highest levels of dissolved silica observed
in the study area, with concentrations as high as 17 ppm Si in the
headwaters of Nugget Creek (site 97-01; table 2) . In addition,
two of the three "granite" seeps (sites 97-01 and -06) have rela-
tively high fluoride concentrations of 0.6-0.9 ppm, compared to
typical background levels over much of the study area of 0.1-0.2
ppm. Uranium concentrations of 3.9 and 4.7 ppb at these two
sites are 1 to 2 orders of magnitude greater than background lev-
els of most waters collected away from granite, which have ura-
nium concentrations in the parts-per-trillion range.

With increasing distance south of the crest of Gilmore
dome (sites 97-02, -03, -04), Ca, Mg, and K concentrations in
surface waters increase dramatically, presumably reflecting the
fact that these waters have interacted considerably with metased-
imentary units of the Fairbanks Schist, the predominant bedrock
in the lower elevations of these catchments. As a result, these
major-element data provide little indication that the headwaters
of each watershed are underlain by granitic rocks. However, sur-
face waters at site 97-02, several kilometers down Nugget Creek
from site 97-01, do have high U (7.8 ppb) and F~ contents (0.4
ppm), suggesting that these elements may provide a fingerprint
of the upstream granitic rocks, which can be recognized even
after the addition of significant dissolved material from the Fair-
banks Schist.

Ground water that has interacted with the granitic rocks
does not, howeyver, invariably have elevated U and F~ concentra-
tions. Water sampled at the crest of Gilmore dome at site 97-05
(Rex Creek) lacks U and F~ enrichments, despite its low Mg and
Ca contents (and low ¥’Sr/®6Sr; see below) that we consider char-
acteristic of ground waters that have interacted with granitic
rocks. Most likely, given the similar neutral pH and low conduc-
tivity values for the waters from sites 97-01, -05 and -06, the
lower concentrations of the U and F~ at site 95-05 may reflect
local changes in granite chemical characteristics. Alternatively,
the seep at Rex Creek may simply reflect waters that have more
limited flow distances through the bedrock at this location and,
therefore, have interacted less with the granitic rocks. It is also
interesting to note that the Rex Creek seep contains 48 ppb As, a
value much higher than any other seep in the study area (table 2).
This may be an indication that igneous rocks at depth are more
highly sulfidized at Rex Creek (site 97-05) than in other portions
of Gilmore dome, and, therefore, this region represents a poten-
tial target for precious-metal mineralization. We also note that
surface waters within Nugget Gulch, on the northwest side of
Ester dome (site 97-21), contain only 7 ppm Ca and 3 ppm Mg.
This suggests that much of the flow may be derived from areas
underlain by the poorly exposed, upstream mid-Cretaceous
granite.
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Table 1. Field measurements and site descriptions for hydrogeochemical sampling sites in the Fairbanks area.

[Leaders (--) signify no measurement at a given site]

Site pH Temp. Conductivity Site Geology

no. (°C) (uS/cm) description
97-01 7.1 5 40 Spring at head of Nugget Creek Mid-Cretaceous granite
97-02 7.3 8 133 Nugget Ck, 0.5 km above junction with Smallwood Ck Fairbanks Schist; granitic headwaters
97-03 7.5 5 200 Gay Gulch, 0.5 km above junction with Smallwood Ck Fairbanks Schist; granitic headwaters
97-04 7.3 7 161 Rex Ck, 0.8 km above junction with Smallwood Ck Fairbanks Schist; granitic headwaters
97-05 6.9 10 65 Spring at head of Rex Creek Mid-Cretaceous granite
97-06 6.8 3 55 Spring at head of Pearl Creek Mid-Cretaceous granite
97-07 6.9 12 201 Alder Ck on upstream side of Steese Highway Chatanika assemblage and Tertiary basalt
97-08 7.6 10 181 Pilot Ck on upstream side of Steese Highway Chatanika eclogite
97-09 8.2 6 150 Spring at head of Alder Creek Fairbanks Schist
97-10 7.7 5 165 Spring at head of Ginger Creek Fairbanks Schist
97-11 7.4 7 183 Spring at head of Kokomo Creek Chatanika assemblage
97-12 6.8 10 52 Spring at head of Deep Creek Fairbanks Schist
97-13 7.2 35 165 Ginger Creek at 1,300-ft elevation Fairbanks Schist; marble in headwaters
97-14 7.7 3 115 Moose Creck above Hi-Yu mill tailings; same as 96-15 Fairbanks Schist
97-15 7.3 9 179 Moose Ck at base of Hi-Yu mill tailings; same as 96-16 Fairbanks Schist
97-16 7.2 2 132 Tributary on south side of Pedro Creek Orthogneiss
97-17 -- 3 555 Dora Ck on upstream side of Steese Highway Chatanika assemblage
97-18 7.2 7 143 Flume Creek at 1,200-ft elevation Fairbanks Schist; minor granite in headwaters
97-19 7.4 15 392 Creck at about Mile 7.5 along Dome Ck Road Chatanika assemblage
97-20 7.7 9 395 Silver Creek on upstream side of Goldstream Rd Fairbanks Schist
97-21 7.0 3 108 Nugget Creek at 1,000-ft elevation Fairbanks Schist

7.0 4 69 Eastern tributary to Ready Bullion Ck at 1,050-ft elevation Muskox Sequence

97-22
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Table 2. Concentrations of dissolved cations in filtered, acidified waters collected in the Fairbanks region.

[All data in ppb except for Ca, Mg, and Na, which are in ppm]

Sample

site Ca Mg Na K Si Fe Al Mn Co Ni Cu Pb Zn Cd As Sb u
97-01 5.6 0.61 25 340 17 150 13 11 0.1 04 0.5 <0.05 2 <0.02 2 0.1 39
97-02 16 29 32 700 13 150 17 73 0.2 0.8 0.6 <0.05 1 <0.02 2 0.1 7.8
97-03 17 6.8 24 830 10 300 8.6 120 0.4 0.7 0.6 <0.05 1 <0.02 4 0.2 0.21
97-04 11 5.5 26 910 12 200 8.0 62 0.2 0.8 0.5 <0.05 0.9 <0.02 3 0.1 0.08
97-05 7.3 0.72 1.7 380 14 88 9.9 17 0.08 0.3 <0.5 <0.05 1 <0.02 48 04 0.57
97-06 8.9 0.67 1.8 330 13 15 8.6 0.41 <0.02 0.1 <0.5 <0.05 1 <0.02 0.6 0.02 4.7
97-07 17 6.6 3.1 1200 10 1400 15 230 1.1 1.6 0.8 <0.05 2 <0.02 1 0.2 0.13
97-08 17 6.5 1.8 1200 10 300 8.6 38 0.1 1.0 0.7 <0.05 1 <0.02 1 0.2 0.33
97-09 16 3.9 0.58 1100 6 25 1.9 0.06 <0.02 0.2 <0.5 <0.05 0.5 <0.02 5 0.1 0.15
97-10 18 438 0.63 1200 5 27 1.2 0.06 <0.02 02 <0.5 <0.05 0.7 <0.02 9 0.3 0.36
97-11 20 4.3 0.59 1200 5 29 6.4 0.13 0.02 0.3 <0.5 <0.05 0.5 <0.02 1 04 0.27
97-12 3.8 1.4 0.61 440 8 11 9.5 0.09 <0.02 0.6 <0.5 <0.05 0.9 <0.02 1 0.05 0.01
97-13 17 5.8 0.83 710 6 27 5.7 0.22 0.02 0.3 <0.5 <0.05 <0.5 0.02 4 0.50 0.47
97-14 13 2.7 0.85 410 8 19 49 0.13  <0.02 0.4 <0.5 <0.05 2 0.78 12 0.86 0.04
97-15 14 4.6 1.1 420 10 170 11 220 0.4 9.6 1.0 0.3 140 <0.02 78 8.0 0.04
97-16 14 2.9 1.8 950 10 22 7.0 0.08 <0.02 0.3 <0.5 <0.05 0.5 <0.02 04 0.06 0.41
97-17 61 22 1.9 2600 11 90 6.5 1.0 0.04 2.8 0.9 <0.05 1 <0.02 0.5 0.07 7.3
97-18 14 3.0 28 760 12 68 10 13 0.2 1.1 <0.5 <0.05 0.5 <0.02 2 0.1 0.29
97-19 32 13 29 880 9 730 20 130 0.3 2.0 1.0 <0.05 0.7 <0.02 1 0.06 0.18
97-20 38 14 5.5 1200 9 300 6.4 30 0.1 1.3 1.0 <0.05 0.9 <0.02 1 0.2 2.4
97-21 7.0 4.1 1.9 1100 13 16 5.5 1.9 0.03 1.2 <0.5 <0.05 1 <0.02 2 0.1 0.01
97-22 4.3 2.3 1.8 430 13 26 18 0.46 0.02 0.8 0.5 <0.05 0.9 <0.02 5 0.73 0.01




Table 3. Concentrations of dissolved anions in filtered water
from the Fairbanks region.

[All samples were also analyzed for Br~ and HPO42‘, with all values below
lower determination limits of 0.2 ppm and 1 ppm, respectively. All data in ppm;
alkalinities in mg/L CaCO3]

Sample F N0z~ cr S04 Measured
site alkalinity
97-01 0.6 <0.4 0.2 <2.0 27
97-02 0.4 <0.4 0.5 11 61
97-03 0.2 0.7 0.3 36 55
97-04 0.2 1.0 0.3 23 45
97-05 0.2 <0.4 0.2 2.0 30
97-06 0.9 3.4 0.2 <2.0 32
97-07 0.1 <0.4 0.3 42 47
97-08 0.2 0.6 0.3 33 52
97-09 0.1 13 0.3 8.0 67
97-10 0.7 0.8 0.3 9.8 74
97-11 0.1 0.8 0.3 12 74
97-12 0.1 1.7 0.2 4.2 17
97-13 0.1 1.0 0.3 16 67
97-14 0.1 2.7 0.3 11 44
97-15 0.1 1.6 0.2 37 33
97-16 0.1 1.3 0.3 16 46
97-17 0.4 0.9 0.4 140 166
97-18 0.1 0.8 0.3 15 51
97-19 0.2 0.4 0.2 59 100
97-20 0.2 0.9 0.4 79 122
97-21 0.2 33 0.4 23 21
97-22 0.1 1.3 0.3 12 15

Waters that have interacted with the granites at Gilmore
dome also have a unique strontium isotope signature (table 4).
Measured ¥Sr/%6Sr values from the three seeps in the granites
(sites 97-01, -05, and -06) range between 0.7146 and 0.7182.
These values are much less radiogenic than waters draining
metasedimentary rock lithologies (figs. 1D, 2). Water collected
at site 97-02, noted above to contain high concentrations of U
and F~ that may have been inherited from upstream granitic
rocks, has a high strontium concentration (174 ppm) and a ¥’Sr/
86Sr ratio of 0.7251. The strontium isotopic composition is inter-
mediate between that of waters that interacted exclusively with
granites and those that have interacted exclusively with schist
(fig. 1D), which suggests that the higher strontium concentra-
tion in water from Nugget Creek was derived from the schist.
Farther downstream in this drainage, at sites 97-03 and -04,
isotopic ratios are more radiogenic and waters no longer retain
an isotopic signature characteristic of the upstream igneous
units (fig. 1D).

Hydrogeochemistry in Areas of Fairbanks Schist

Water samples collected from springs and streams within
the Fairbanks Schist typically have pH values of 7.2-8.2 and
conductivities of 100-200 puS/cm. Concentrations of dissolved
major ions are high compared to those of seeps in granites, with
typical concentrations from areas within the schist of 13-20
ppm Ca, 4-7 ppm Mg, 700-1,200 ppb K (fig. 1B), and 8-36
ppm sulfate (fig. 1C). Trace-element concentrations vary little
from those that characterize waters in contact with granites,

Major-Element, Trace-Elemet, and Strontium-Isotope Systematics of Natural Water, Fairbanks Mining District

Table 4. Sr elementai and isotopic data for surface waters from
the Fairbanks area.

Site Sr {ppb) 875865y

except for the consistent relatively lower U and F~ contents.
Strontium-isotope compositions are typically much more radio-
genic than those of waters that have interacted with granitic
rocks. The 37Sr/%Sr values range between 0.7282 and 0.7364,
with the one spring on the south side of Coffee dome having the
highest value measured from any surface water or seep in the
study area (0.7461; fig. 1D).

In spite of some similar characteristics, there is significant
variability in waters draining the Fairbanks Schist. For instance,
a comparison of data from the Smallwood Creek watershed
(sites 97-03 and -04) with those from the north side of Fairbanks
Creek (sites 97-09, -10, -12, -13, -14) indicates that, although
similar in Ca, Mg, and K concentrations, the waters in the Fair-
banks Creek area are significantly lower in dissolved Fe, Al, Mn,
Si, and sulfate. One possibility could be more limited interaction
between ground water and the Fairbanks Schist in the Fairbanks
Creek area. However, because conductivities and many of the
major elements show similar concentrations in waters from both
areas, we favor local mineralogical differences in the schist as
the most likely cause of the hydrogeochemical variability.

It is noteworthy that there is little difference in the hydro-
geochemistry between water from site 97-10, at the head of
Ginger Creek, and site 97-13, located 1.5 km downstream (fig.
3). A large lens of limestone within the Fairbanks Schist on the
western side of the basin (Newberry and Bundtzen, 1996) has no
obvious affect on the dissolved load or 37Sr/*¢Sr value; in fact,
the measured pH of the stream decreased by one-half a pH unit
below the limestone. Most likely, ground waters within the
Ginger Creek watershed have not interacted to any significant
degree with the limestone.

There are anomalous concentrations of metals in waters
from some sites underlain by the schist. As expected and
observed in a previous study (Goldfarb and others, 1997), Moose
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Figure 2. Plot of ¥Sr/%Sr vs. 1/Sr for surface waters in the Fair-
banks area. Note the isotopically low values for waters draining
granite and the possible mixing relationship downstream of granites
along Nugget Creek. Even though the strontium isotope data vary
with lithology, absolute strontium concentrations do not show a
similar relationship.

Creek below the Hi-Yu mill tailings is enriched in many dis-
solved components including As, Cd, Co, Fe, Mn, Ni, Pb, Sb,
and Zn. The sampled water was significantly less acidic in 1997
(site 97-15, pH 7.3) than in 1995 (site 95-16, pH 5.18; Goldfarb
and others, 1997), and the absolute concentrations of the dis-
solved metal species are also significantly lower. A few hundred
meters upstream from the tailings (site 97-14), where seep dis-
charge into Moose Creek represents the initial surface-water
flow in the creekbed during this time of year, concentrations of
dissolved K were only 410 ppb. This is the lowest value mea-
sured for waters interacting with the schist. Once again, this is
thought to reflect local mineralogical variations within the schist.

Two samples hint at the presence of nearby, unexposed
granite. The spring at the head of Ginger Creek (site 97-10) con-
tained 0.7 ppm F~, a level consistent with measurements for
waters from samples draining granitic rocks (sites 97-01 and -
06). In addition, the spring on the south side of Coffee dome
(site 97-12) had low concentrations of Ca, Mg, K (fig. 1B), and
sulfate (fig. 1C) relative to all other samples collected from the
Fairbanks Schist. But the relatively high #’Sr/3¢Sr ratio (0.7461)
for this latter water (fig. 1D) is atypical of those that have inter-
acted exclusively with mid-Cretaceous granites (fig. 3).

Water at site 97-20, from Silver Creek immediately above
its junction with Goldstream Creek, is characterized by a rela-
tively low pH and high levels of Mg, Ca, Na, Cu, U, Sr, and sul-
fate. It also has a ¥’Sr/%6Sr ratio of 0.7282, a value marking the
low end of the range for waters collected from areas underlain
by the Fairbanks Schist. The sampled site is notable in that it is
downstream from an extensive accumulation of eolian silt that
overlies bedrock throughout most of the Silver Creek watershed.
Contributions from eolian deposits appear to significantly
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Figure3. Triangular plot showing fields that best characterize waters
that have interacted with granite (sites 1,5, and 6), schist (sites 9, 10,13,
14, and 18), and eclogite (site 17), based on uranium and calcium
concentrations {in percent) and strontium isotopic values. Mixed
signatures reflect waters that have also interacted with loess, mining
waste, or multiple lithologies, and specific sites are described through-
out the text.

increase dissolved loads such that water chemistry will not
simply reflect local bedrock lithology, and, thus, data for site 97-
20 plot far from the field typical of waters that have interacted
with the schist (fig. 3).

Site 97-16 was purposely located where a body of orthog-
neiss underlies the lower part of a small drainage basin on the
south side of Pedro Creek within the Fairbanks Schist. Hydro-
geochemical data measured for the sample are indistinguishable
from those collected elsewhere within the schist (fig. 3). The
87Sr/36Sr ratio of 0.7343 is typical of waters from the schist (figs.
1D, 2). Because of the present limited data, we cannot determine
what, if any, hydrogeochemical differences distinguish waters
that have interacted with the orthogneiss from those that have
interacted with the schist. Perhaps most of the discharge at site
97-16 actually reflects ground water that has been in contact
with upstream schist and had only limited flow through the
orthogneiss.
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Hydrogeochemistry in Areas of Muskox Sequence

A large area throughout the southeast side of Ester dome is
underlain by interbedded schist, amphibolite, and metarhyolite
of the Muskox Sequence (Newberry and Bundtzen, 1996). In
the center of the area, we collected a water sample (site 97-22)
on a small tributary to Ready Bullion Creek. Similar to the sam-
ples in equilibrium with the granites, this water was character-
ized by relatively low levels of potassium (430 ppb) and
calcium (4.3 ppm) and a low alkalinity of 15 mg/L. In addition,
the sample had extremely low concentrations of strontium (27
ppb) and uranium (0.01 ppb). Higher magnesium (2.3 ppm) and
sulfate (12 ppm) concentrations for the water were in sharp con-
trast to the extremely low levels for waters in equilibrium with
granites. The 87St/%Sr value of 0.7249 is partly between that of
waters that have interacted with the Fairbanks Schist and those
that drain the granites (fig. 2). Although we only obtained one
water sample from the area underlain by this rock sequence, ini-
tial interpretation of the resulting data suggests that waters that
interacted with this sequence exhibit a unique geochemical sig-
nature (site 97-22; fig. 3).

Hydrogeochemistry in Areas of Chatanika
Assemblage

The generally nonresistant nature of eclogite of the Chatan-
ika assemblage results in the low-relief topography in the north-
ern part of the study area (Newberry and Bundtzen, 1996).
Because of the resulting topography, many of the stream valleys
underlain by this lithology are filled with eolian loess. Waters
from sites 97-07, -08, and -19, although all clearly collected
from streams draining rocks of the Chatanika assemblage, have
chemistries that are influenced by dissolution of material from
the unconsolidated silt. The sampled spring at the headwaters of
Kokomo Creek (site 97-11) was located within an area underlain
by eclogite, but a minority of the recharge area is also underlain
by Fairbanks Schist. The sample collected on Dora Creek at site
97-17 represents the one sample we feel reflects waters that
interacted solely with eclogite.

The relatively soluble Ca-Mg silicate assemblage of eclog-
ite has led to elevated dissolved loads in the waters of Dora
Creek. At site 97-17, the conductivity was 555 pS/cm, and
major ion concentrations included 61 ppm Ca, 22 ppm Mg,
2,600 ppm K, and 140 ppm sulfate. In addition, Ba, Cs, F, Li,
Rb, Re, Ti, and U were detected at relatively elevated levels
(table 2) (Goldfarb, unpub. data). A #7Sr/%Sr ratio of 0.7231 lies
between that for waters that have interacted with the granites
and the Fairbanks Schist (fig. 2). This was the most alkaline of
the waters from the Fairbanks area, with a measured alkalinity
of 166 mg/L.

The other four samples collected from streams draining
rocks of the Chatanika assemblage are difficult to interpret. The
spring at the headwaters of the Kokomo Creek drainage (site 97-
11) has chemical attributes, including a strontium isotope signa-
ture, that are nearly identical to nearby springs that discharge
from rocks of the Fairbanks Schist. Schist underlies only a small
part of the upstream reaches of the watershed for site 97-11, but
the hydrochemistry suggests a major influence by schist along

Major-Element, Trace-Elemet, and Strontium-Isotope Systematics of Natural Water, Fairbanks Mining District

the water flow path. Kokomo (site 97-07) and Pilot (site 97-08)
Creeks also drain eclogite, but these waters flowed for a number
of kilometers through loess, and the resulting hydrogeochemical
signatures lack the characteristics of the Dora Creek water. A
tributary to Dome Creek (site 97-19) drains a large area of loess,
but concentrations of 13 ppm Mg, 730 ppb Fe, and 32 ppm Ca,
as well as elevated Al, Ba, P, REE, and Ti, seem to be indicative
of the underlying eclogite.

Site 97-07 on Kokomo Creek is only 1 km downstream
from a large Tertiary basalt flow that seems to influence local
water chemistry. Concentrations of 1,400 ppb Fe, 230 ppb Mn,
and 1.1 ppb Co are apparently a function of water-basalt interac-
tion, although an enriched ¥’Sr/%Sr ratio of 0.7392 (table 4) hints
that interaction with the loess overwhelms the isotopic signature
characterizing the relatively nonradiogenic basalt.

Discussion

Natural waters in the Fairbanks region may be fingerprinted
by unique chemical signatures that, in large part, are a function
of the underlying bedrock geology (fig. 3). Throughout the study
area, calcium is consistently the dominant cation species (table
2, this paper; table 2, sites 11-24, Goldfarb and others, 1997; fig.
4, this paper), probably reflecting dissolution of calcite and pla-
gioclase in metasedimentary rocks. Bicarbonate, defining most
of the measured alkalinity, and sulfate are both significant anion
species (table 3 and fig. 4, this paper; table 4, sites 11-24, Gold-
farb and others, 1997). Bicarbonate concentrations in the Fair-
banks area are equal to or two to three times greater than sulfate
concentrations. Because much of the sulfidization of country
rocks near gold deposits was accompanied by coeval and spa-
tially overlapping carbonate alteration, sulfate does not notably
predominate as the major anion species even where waters drain
abandoned mine workings (site 97-15, this study; Goldfarb and
others, 1997). Nevertheless, absolute sulfate concentrations are
relatively high for most water samples from the Fairbanks area
(fig. 1C), indicative of the extensive sulfidization of the rocks.

The greater solubility of plagioclase, relative to microcline
or orthoclase, in addition to the well-defined cleavage in plagio-
clase, lead to its greater susceptibility to weathering (Ollier,
1969). As a result, potassium levels are relatively low compared
to calcium for all water samples from the study area (fig. 4).
Typically, dissolved calcium concentrations are an order of mag-
nitude greater than those for sodium in waters draining metased-
imentary rock units, suggesting the predominance of anorthite
over albite and (or) significant dissolution of calcite from the
schist.

Waters draining the granites are only about one-half of an
order of magnitude enriched in calcium relative to sodium;
absolute sodium concentrations are similar to those of waters
from the metasedimentary rocks; and dissolved silica is notably
elevated. We interpret this to indicate a relatively increased
amount of dissolution of Na-rich feldspars. The amount of dis-
solved silica released into natural waters per hydrogen ion is
much greater for Na-rich feldspars than for other major mineral
phases in felsic to intermediate igneous rocks (Hem, 1992). The
low conductivity and calcium concentrations for these waters
indicates, however, that overall rock-dissolution rates are lower
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Figure 4. Sum of cations vs. anions for waters that have interacted with the various rock types in the Fairbanks area.

than in the schists. This is not surprising because the relatively
low permeability and coarse-grained nature of the granitic
rocks, compared to the schists, hinder rapid weathering of min-
eral grains.

Other chemical species that are enriched in waters that
flowed through granites are unlikely to be derived from feld-
spar weathering. Weathering of biotite to vermiculite, for exam-
ple, may have contributed fluorine to the ground waters. This
possibility is consistent with the fact that biotite is the most
abundant mafic mineral in the mid-Cretaceous granitic rocks of
Pedro and Gilmore domes (Blum, 1985) and the fact that biotite
has been demonstrated to have a significantly higher weathering
rate (4x to 6x) than plagioclase (Blum and others, 1994). Tt is
even possible that the somewhat higher #Sr/3Sr ratio in our
ground-water seeps (average= 0.7163), relative to the average
equigranular and porphyritic facies of the Gilmore and Pedro
domes granitic rocks (~0.7135; Blum, 1985), also reflects the
preferential weathering of biotite. This is because biotite gener-
ally has high Rb/Sr ratios and, as a result, highly radiogenic
strontium (Blum and others, 1994).

The greatest dissolved load in a water sample from this
study, mainly reflected by elevated calcium, magnesium, sulfate,
and bicarbonate concentrations, is for the sample from Dora
Creek (site 97-17). The relatively abundant mafic silicate phases
within the underlying Chatanika eclogite are easily broken
down by circulating ground waters. Elevated trace-element con-
centrations in the waters at site 97-17, compared to those

flowing through all other lithologies, clearly are the result of
more extensive irreversible dissolution of bedrock. It is note-
worthy that the major-element chemistry of the sample from
Dora Creek is very similar to that of waters collected below
mine-waste rock from the Scrafford mine (site 96-23, Goldfarb
and others, 1997). The local geology around the Scrafford mine
is mapped as Fairbanks Schist, but the hydrogeochemistry sug-
gests an abundance of Ca- and Mg-rich mineral phases similar
to those that characterizes the eclogite.

The one sample with a high dissolved-iron concentration is
along Kokomo Creek (site 97-07), which was collected down-
stream from a large outcrop of basalt. This fine-grained mafic
unit is relatively easily weathered and provides a unique finger-
print to waters that interact with it. Iron concentrations of 300-
730 ppb for sites on Pilot Creek (site 97-08), a tributary to
Dome Creek (site 97-19), and on Silver Creek (site 97-20) are
also higher than those from any other waters in this study.
Upstream parts of these watersheds all contain significant
amounts of loess, suggesting that some of the iron may be
derived from loess rather than bedrock. This implies that signifi-
cant loess accumulations along Kokomo Creek may also be

" contributing some of the iron in sample 97-07.

Absolute trace-metal concentrations are extremely low
(i.e., see table 2-1 in Levinson, 1974), even from Dora Creek
(site 97-17), for waters collected from all units, and we interpret
these concentrations to mainly reflect local background levels.
As expected, an arsenic concentration of 78 ppb in Moose
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Creek below the Hi-Yu mill tailings (site 97-15) likely repre-
sents an anthropogenic contribution. Above the mine workings,
surface flows are above background levels, but only contain 12
ppb As (site 97-14). Values of 410—420 ppb K for waters at
these two sites are much lower than those of any other samples
draining the Fairbanks Schist. This could be indicative of the
likely broad-scale alteration of rock units in the vicinity of the
mesothermal gold-type mineralization. Sericitization of the
schist would convert any K-bearing feldspars in rocks surround-
ing the auriferous quartz veins to muscovite, generally a more
resistent mineral to chemical weathering (Ollier, 1969). Only
the sample from near the head of Rex Creek (site 97-05), with
48 ppb As, contains a very high natural arsenic concentration
and may define an unexposed zone of hydrothermal mineraliza-
tion in granite on the southeast side of Gilmore dome.

The samples in this study were collected over a broad
region, mostly a few tens of kilometers north of Fairbanks, and,
typically, waters contained less than 10 ppb As. This is consis-
tent with the findings of Weber (1986) who, in a detailed study
of well waters, showed those waters with >10 ppb arsenic were
confined to a 5-km-wide zone between Ester and Gilmore
domes (location of site 97-05) and centered along Goldstream
Creek. Despite the concentration of gold occurrences to the
north of Fox, the lower arsenic concentrations in natural waters
in this area indicates that widespread dissolution of sulfides in
local aquifers is much less severe than for lithologies along
Goldstream Creek.

Summary

The chemical composition of natural waters in the Fair-
banks mining district is strongly influenced by the local geol-
ogy. Dissolved species in all parts of the studied area are
dominated by calcium, bicarbonate, and sulfate. However, cal-
cium concentrations are consistently lower (<10 ppm) in
waters draining granites and rocks of the Muskox Sequence,
intermediate (13-20 ppm) throughout the Fairbanks Schist, and
high (as much as 61 ppm) for waters that have interacted with
the eclogite of the Chatanika assemblage. Sulfate varies from
low (<2 ppm) in waters draining granite, to intermediate (8-36
ppm) in waters from the metasedimentary rocks, to high (140
ppm) for waters in contact with the eclogite. Similarly, dis-
solved Mg and K concentrations increase from granite to schist
to eclogite.

The presence of unexposed granite within the Fairbanks
area may be indicated by the chemical characteristics of sur-
face discharge that has interacted with such buried rock. Ura-
nium at the ppb level, fluorine concentrations of at least 0.5
ppm, or strontium isotopic ratios below about 0.720 within sur-
face waters are good indicators of granitic rocks somewhere
along the ground-water flow path. Except for the water col-
lected below the Hi-Yu mill tailings at site 97-15, none of our
samples contained dissolved arsenic concentrations above the
State of Alaska maxium contaminant level (50 ppb; Alaska
Department of Environmental Conservation, 1996). This con-
firms the fact that soluble and widespread arsenopyrite is
mainly confined to aquifers in the area previously described by

others (Hawkins and others, 1982; Weber, 1986) between
Fairbanks and Fox.
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