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INTRODUCTION

The following collection of 29 papers and abstracts was presented
at a symposium on Mineral Deposits of the Pacific Northwest. This
symposium consisted of four one-~half day sessions held in conjunction
with the 1980 Cordilleran Section meeting of the Geological Society
of America at Oregon State University in Corvallis, Oregon. These
papers and abstracts cover a broad spectrum of detail and breadth over
a geologically complex terrain that extends from California northward
through British Columbia to northwestern Alaska. Although the central
theme was invariably concerned with metallization, the scientific
emphasis varied appreciably according to the professional interests
of the individual contributors. This emphasis not only included
traditional geologic studies ranging from detailed investigations of
single ore deposits, or of mining districts, to large-scale regional
syntheses, but also of topical considerations such as geochronology,
geophysics, geothermometry, mineralogy and phase equilibria, petro-
chemistry, plate tectonics, and radiogenic and stable isotope geo-
chemistry that are relevant to processes of ore genesis as well as
t; potentially useful methods of exploration. Among the specific
types of mineral occurrences considered were epithermal and mesothermal
deposits of mercury and precious metals; contact metasomatic deposits
of molybdenum, tungsten, and base metals; placer gold; porphyry-type
deposits of copper and molybdenum; strata-bound deposits of uranium

and base and precious metals; and volcanogenic massive sulfide deposits.
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Several contributors attempt to relate the occurrences of specific
types of mineral deposits to tectonic domains or to type and evolution
of associated magma systems, and two others attempt to summarize genetic
implication of the distributions of skarn and strata-bound types of
mineral deposits throughout the western United States. Mineral deposits
of hydrothermal origin clearly served as an unintentional theme to
this symposium, as underscored by the paper concerning The Geysers
geothermal area of west-central California. This apparent metallogenetic
"excess" is attributable to the cordilleran locale of the Pacific
Northwest, and not to editorial bias exercised by the co-conveners
of this symposium.

The participants of this symposium, both the contributors and
the audience, represented a cross-section of the geologic profession
that is concerned with mineral deposits, and with interests ranging
from esoteric considerations of ore genesis to the more pragmatic
considerations of exploration. They were compriéed of members from
the academic, governmental, and industrial sectors, and in many cases
their contributions were co-authored by individuals from two or more
of these communities. As co-convenors of this symposium, we are
particularly gratified at the response given to these technical
sessions, both from the contributors and from the audience, which
numbered more than 300. In order to make these papers and abstracts
available without an intolerably long delay, we decided at an early
date to publish them collectively as a U.S. Geological Survey Open-File
Report. We selected this semiformal method of publication to expedite

the printing and distribution of these papers because of the timely
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nature of many of these contributions that are in rapidly advancing
fields of study.
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ABSTRACT

Stratiform and volcanogenic zinc-lead-barium deposits occur within the
pelagic Kagvik sequence in the Red Dog Creek and Drenchwater Creek areas in
the Delong Mountains and Howard Pass quadrangles. The sulfide deposits occur
together with barite, tuff, sandstone, shale, chert, and keratophyre flows and
sills. The three main occurrences of the stratiform zinc-lead-barium deposits
in the Red Dog Creek area are: (1) thinly-bedded stratiform sulfide minerals
in organic-rich Mississippian shale and chert; (2) massive sulfide vein and
breccia fillings 1in Mississippian shale; and (3) massive stratiform barite
lenses and nodules in chert and shale of the Siksikpuk Formation. The
Drenchwater Creek area has only the first type. Sulfide-bearing zones of up
to several thousand meters long occur in both areas with up to 19.5 percent
Zn, 9.5 percent Pb, and locally more than 150 ppm Ag. Radiolaria from
sulfide-bearing chert indicate in the Red Dog Creek area a Mississippian age
of sulfide deposition. K/Ar ages of 319 + 10 m.y. and 330 + 17 m.y. obtained
from biotite in keratophyre associated with sulfide-bearing tuff and chert in
the Drenchwater Creek area indicate a Mississippian age of sulfide deposition.

Sulfur isotope analyses of sulfur-bearing minerals from the Red Dog Creek
area indicate that a combination of sea water sulfate and deep-seated sulfur
was probably the source of the barite sulfate whereas sulfur in the sulfide
minerals may have had a deep-seated source. Sulfur isotope values for
sphalerite and galena are similar in vein and stratiform occurrences. Using
sulfur isotope geothermetry, spalerite-galena pairs yield paleotemperatures of
between 115° and 305° C. Lead isotope analyses of galena from both the Red
Dog Creek and Drenchwater Creek areas yield Triassic model ages  of
approximately 200 m.y. Lead isotope data from both areas approximate typical
orogene, i.e., Andean-type arc, or mature island-arc values and exclude ocean
floor rifting for the generation of lead. The isotopic, petrologic, and field
data indicate the stratiform zinc-lead-barium deposits in the Red Dog Creek
and Drenchwater Creek areas formed during a  short-lived period of
Mississippian submarine volcanism in either an incipient Andean-type arc, or
mature island arc environment.

INTRODUCTION AND GENERAL GEOLOGY

Significant stratiform zinc-lead-barium deposits occur in the Red Dog
Creek and Drenchwater Creek areas in the northwestern Brooks Range, Alaska
(Tailleur, 1970; Nokleberg and Winkler, 1978a, b; Plahuta, 1978; Plahuta and
others, 1978; Nokleberg and others, 1979a, b; Nokleberg and Winkler, 1981).
The deposits consist of sphalerite, galena, pyrite, marcasite, and barite that
occur in an unnamed unit of Mississippian age that contains chert, shale, and
sparse tuff, tuffaceous sandstone, keratophyre and andesite. These
Mississippian rocks are part of the Kagvik structural sequence (Churkin and
others, 1979) which also includes chert and shale of the Permian Siksikpuk and
Triassic Shublik Formations, and graywacke and mudstone of the Cretaceous
Okpikruak Formation. The Mississippian to Triassic rocks of the Kagvik
sequence are interpreted by Churkin and others (1979) as a oceanic sequence
that was deposited southward of a continental shelf on which was deposited
carbonate platform rocks of the Lisburne Group of Mississippian age, and
sandstones of the Sadlerochit Formation of Triassic age. The Red Dog Creek
and Drenchwater Creek areas are about 120 km apart, near the western and
eastern margins of the east-west striking Kagvik sequence which forms the
lowest structural sequence in this region (Churkin and others, 1979).



The major bedrock unit in the Drenchwater Creek area is the Kagvik
sequence which occurs in various thrust plates (fig. 1A). The overall
structure 1is characterized by west-northwest-striking thrust plates that dip
moderately south. No stratigraphic unit is fully exposed in the Drenchwater
Creek area because of intense folding, faulting, and shearing. Because of
this intense deformation, the thickness and lateral extent of the various
units are variable (fig. 1A). Intermediate to wmafic tuff, tuffaceous
sandstone, keratophyre flows, and andesite sills or flows locally occur in the
Kagvik sequence. Only intermediate tuff, tuffaceous sandstone, and
keratophyre flows are shown in Fig. 1A. The locations of the other igneous
rocks are shown by Nokleberg and Winkler (1979b, 1981). The stratiform
zinc-lead-barium deposits occur mainly in hydrothermally altered chert, shale,
tuff, and tuffaceous sandstone either adjacent to or mnear submarine
keratophyre flows. The Mississippian age of the rocks hosting the stratiform
sulfide deposits 1is based on K/Ar ages of 319 + 10 m.y. and 330 + 17 m.y.
obtained from biotite in keratophyre adjacent to sulfide-bearing tuff and
chert (Nokleberg and Winkler, 1981). Stratigraphic thickness of the exposed
part of the Mississippian unit is about 200 m.

The major bedrock units in the Red Dop Creek area are the Kagvik
sequence, clastic rocks of presumable Devonian age, and carbonate rocks of the
Lisburne Group all of which occur in various thrust plates (fig. 1B). The
portion of the Kagvik sequence containing stratiform zinc-lead-barium deposits
is exposed through a window in overlying thrust plates which are warped into a
broad north-south trending antiform centered along Red Dog Creek (Plahuta,

1978). The Kagvik sequence is intensely deformed and occurs in
northeast-striking thrust plates that dip gently northwest or southeast. In
this  area, the Mississippian unit consists of a lower member of

thinly-interbedded dark chert and limestone, and an upper member of very dark
graphitic shale, chert, tuff, and keratophyre. The stratiform deposits occur
mainly in the upper member of the Mississippian unit in the Kagvik sequence.
Some sulfide deposits may be hosted in the lowest part of the Siksikpuk
Formation; however, extensive thrusting, and the lack of precise age control
precludes exact determination of the age of the host rock at the top of the
sulfide deposits. The Mississippian age of the dark chert and shale hosting
the stratiform sulfide deposits is based on identification of radiolaria by D.
L. Jones and B. K. Holdsworth (written commun., 1979). Identifications were
made on radiolaria extracted from samples of sulfide-bearing chert and shale,
and from chert and shale layers within the zone of stratiform sulfide
deposits. Stratigraphic thickness of the Mississippian unit is about 130 m.
Barite 1s locally abundant near the contact with the overlying Siksikpuk
Formation. The contact between the Mississippian unit and the Siksikpuk
Formation in the Red Dog Creek area apparantly reflects a change from strongly
reducing to moderately oxidizing depositional conditions. The conformably
overlying Permian Siksikpuk Formation consists of interbedded locally
siliceous shale, and chert. Barite is widespread as disseminations and beds,
and is most prevalent near the base of the formation. Stratigraphic thickness
of the Siksikpuk Formation is about 170 m.

ZINC-LEAD-BARIUM DEPOSITS

Drenchwater Creek Area

The three main occurrences of stratiform zinc-lead-barium deposits in the
Drenchwater Creek area are: (1) disseminated sulfide minerals and sparse
barite in chert, shale, tuff, and tuffaceous sandstone; (2) disseminated to
massive sulfide minerals and sparse barite in quartz-rich rock; and (3)



Figure 1. Simplified geologic maps of the Drenchwater Creek and Red Dog Creek
area, northwestern Brooks Range, Alaska. A. Simplified geologic map of
the Drenchwater thrust plate. Geology modified from Nokleberg and
Winkler (1978b; 1981). B. Simplified geologic map of the Red Dog Creek
area showing location of samples for sulfur isotope studies. Geology

modified from Plahuta (1978).



158° 45°

68° 35°

Lower Part of Kagvik Sequence

Contact

EXPLANATION

Q

Surficial deposits

—Ps—]

Siksikpuk Formation

Mississippian Unit
Mlc, dark chert and shale
MIt, fine-grained tuff
MIH#, coarse-grained tuff
and flows

Dotted where
concealed

v—
PERMIAN QUATER-

\4
MISSISSIPPIAN

High-angle fault

1 KILOMETER
J

Galena or
sphalerite locality

35
| W

Strike and dip of
bedding or cleavage

7 -
S FZZ”
Area of prominent

iron-staining

A A ... A
Thrust fault
Sawteeth on upper
plate, dotted where

concealed



1R
A =moss. ba \ ¥
O = silica-suls.
H = mass. suls.
@ = vein

[ Siksikpuk
[] volconic mb
[ barite mb
[ silicic mb A
£2 bl chert (Miss) ¥



extremely sparse disseminated to massive sphalerite and galena in veins
crosscutting cleavage in brecciated chert and shale. Selected rock samples
contain from less than 200 to more than 10,000 ppm Zn, 15 to more than 15,000
ppm Pb, 150 to more than 5,000 ppm Ba, and less than 0.5 to more than 150 ppm
Ag. The deposits are restricted to a 6~ to 30-m-wide zone in the Drenchwater
thrust plate that extends eastward along strike from Drenchwater Creek for
about 1,830 m (fig. 1A).

Chert, shale, tuff, and tuffaceous sandstone contain up to 45 modal
percent sphalerite, up to 15 modal percent galena, up to 7 modal percent
pyrite and marcasite, and up to 1 modal percent barite. The predominant
constituents of chert and shale are recrystallized quartz, and kaolinite
replacing feldspar. The predominant constituents in tuff and tuffaceous
sandstone are altered volcanic rock fragments, feldspar replaced by kaolinite
and quartz, pumice lapilli replaced by kaolinite, sericite, and
montmorillonite, quartz, and carbonate.

The quartz-rich rock contains up to 35 modal percent sphalerite, 15 modal
percent galena, 5 modal percent pyrite and marcasite, and 2 modal percent

barite. The predominant constituent 1is medium-grained quartz showing
excellently developed hexagonal outlines containing concentric growth zones
rich in galena,. This rock 1s probably a primary chemical precipitate,

analogous to that of siliceous sulfide layers of the Kuroko deposits in Japan.

Sulfide and sulfate minerals crystallized during sedimentation rather
than during 1later epithermal replacement. Sphalerite, galena, pyrite or
marcasite, and sparse barite occur primarily as disseminated grains 1in
undeformed host rock. The disseminated occurrence of sulfide and sulfate
minerals and the lack of vein replacement features preclude epigenetic
replacement of host rock by sulfide and sulfate minerals. Fragments of
fine-grained feldspar, pumice lapilli, and mafic volcanic rocks in chert,
shale, and tuff are commonly replaced by aggregates of kaolinite,
montmorillonite, sericite, chlorite, actinolite, calcite, quartz, fluorite,
and prehnite. The occurrence of disseminated sulfide minerals and barite in
hydrothermaly altered chert, shale, tuff, and tuffaceous sandstone either
adjacent to or near keratophyre strongly suggests that zinc-lead-barium
mineralization coincided  with submarine volcanism and hydrothermal
alteration.

Red Dog Creek Area

The three main occurrences of the stratiform zinc-lead-barium deposits in
the Red Dog Creek area are: (1) thinly-bedded stratiform sulfide minerals in
organic-rich Mississippian shale and chert; (2) massive sulfide-rich vein and
breccia fillings in silicified Mississippian shale; and (3) massive
stratiform barite lenses and nodules in chert and shale of the Siksikpuk
Formation. The stratiform deposits are further subdivided into three types:
(1) quartz-rich rock with several percent sulfides and barite; (2) massive
sulfide and quartz lenses with several percent barite; and (3) barite and
quartz lenses with up to several percent sulfide minerals. Chert and shale,
within and adjacent to the stratiform deposits in the Mississippian unit, are
locally intensely altered hydrothermally and replaced by aggregates of
kaolinite, montmorillonite, sericite, chlorite, calcite, and quartz.

The quartz-rich rock is a vuggy aggregate of interlocking fine- to
medium-grained quartz crystals that commonly contain concentric hexagonal
growth bands. Interstitial areas between quartz grains and zones within the



growth bands commonly contain up to several percent sulfide minerals and
barite. Sphalerite is generally about twice as abundant as galena, and pyrite
and marcasite are present in only trace amounts. The quartz-rich rock forms
massive layers up to several tens of meters thick that are conformable with
the enclosing strata. The quartz-rich rock is probably a primary chemical
precipitate, analogous to that of siliceous sulfide layers of the Kuroko
deposits.

The massive sulfide and quartz lenses range from two- to five-m thick and
have horizontal dimensons greater than 300 m. Sphalerite is two to three
times more abundant than galena; pyrite and marcasite are very minor.
Chalcopyrite and bornite occur in trace amounts. The sulfide minerals
typically form fine-grained aggregrates that are intimately intergrown with
zoned quartz, Locally the massive sulfide and quartz lenses contain sparse
indistinct layers rich in sphalerite or galena. Hexagonal growth bands occur
in quartz and contain zones rich in sulfide minerals and barite. Five
representative samples from the massive sulfide and quartz lenses average 19.5
percent Zn, 9.5 percent Pb, 0.02 percent Cu, 0.14 percent Cd, and 3.7 oz
Ag/ton. Field relations and textural similarities between the massive sulfide
quartz lenses, quartz-rich rock, and barite and quartz lenses suggest more or
less simultaneous crystallization with greater sulfide deposition near the
massive sulfide-rich veins.

Vein deposits are found intermittently exposed along the channel of Red
Dog Creek in silicified chert in the northern part of the study area (fig.
1B). The veins are up to 1 m wide, strike north, and dip steeply east or
west. Local cross-fractures adjacent to veins consist of a breccia containing
a cement of sulfide minerals and clasts of chert and shale. The dominant vein
sulfide minerals are sphalerite, pyrite, and marcasite and wusually occur as
alternating colloform bands. Lesser amounts of galena are paragenetically
later than sphalerite, pyrite, and marcasite. Barite has been found only in
three veins where it 1is the dominant constituent in association with
sphalerite and trace amounts of pyrite. Sphalerite and barite are generally
coarse-grained. Contacts between veins and wall rock are sharp. Pervasive
silicification, defined by recrystallization and replacement of chert and
shale by medium-grained quartz-rich rock, occurs adjacent to veins. Quartz is
not a major or minor component within the veins.

The massive stratiform barite lenses in the Siksikpuk Formation attain
thicknesses of greater than 50 m, and occur either distal to, or over the zone
of stratiform sulfide mineralization. Soft sediment slump structures and
sedimentary breccias occur within the lenses, and carbonaceous-rich layers
locally define bedding. The rock varies from fine- to coarse-grained, and
normally contains subequal amounts of barite and quartz as intimate
intergrowths. Sulfides are usually absent, but may comprise up to 10 percent
of the rock as subequal amounts of sphalerite and galena. The barite lenses
also locally contain subordinate amounts of pyrite and marcasite.

The occurrence of sphalerite, galena, pyrite, marcasite, and barite as
disseminated grains suggests that sulfide and sulfate deposition coincided
with sedimentation. As in the Drenchwater Creek area, a sea-floor
volcanogenic source for the zinc-lead-barium mineralization is suggested by:
(1) proximity of stratiform sulfide deposits to keratophyre; (2) hydrothermal
alteration; and (3) proximity of stratiform sulfide deposits to massive
sulfide~rich veins which, because of their large dimensions and location in
the center of the area of stratiform mineralization, possibly represent a vent
and source for the hydrothermal fluids from which were deposited the sulfide



minerals,
LEAD ISOTOPE ANALYSES

Lead isotope analyses were performed on samples of disseminated galena
from the Red Dog Creek and Drenchwater Creek areas, and on one sample of vein
galena from the Red Dog Creek area (table 1). The analyses were performed
using the surface emission (silica gel) ionization technique and the ratios
should be within 0.1 percent of absolute values. The lead isotope ratios are
extremely similar between both areas, and between both types of disseminated
and vein deposits. Using the synthesis of Doe and Zartman (1979) on lead
isotopes and geologic environments, and field and petrologic data, the data
from the Red Dog Creek and Drenchwater Creek areas show generation of lead in
either a Phanerozoic mature island arc setting, in a typical orogene i.e., an
Andean-type arc setting, or possibly a back-arc type of intracratonic basin.
The 1lead isotope ratios from the two areas in the northwestern Brooks Range
are similar to lead isotope ratios from the Kuroko-type massive sulfide
deposits (Doe and Zartman, 1979) which are interpreted as having formed in a
mature island arc setting. The data are also closely similar to some data on
ores from the Upper Permian Kupferschiefer of Europe in an intracratonic basin
environment (Wedepohl and others, 1978), although quite different from most
leads in intracratonic basins. The lead isotope data from the two areas in
the northwestern Brooks Range specifically exclude generation of lead either
in an oceanic spreading environment or probably in a cratonal environment
according to the synthesis of Doe and Zartman (1979). The Stacey-Kramer model
lead ages of both the Red Dog Creek and Drenchwater Creek areas also yield
nearly identical values of about 200 m.y. These ages are younger by 100 to
150 m.y. than the Mississippian age of strata hosting the disseminated
zinc-lead-barium deposits in both areas.

SULFUR ISOTOPE ANALYSES

Sulfur isotope analyses were performed on sulfide and sulfate minerals
from both the Red Dog Creek and Drenchwater Creek areas (table 2). Fifty-five
mineral concentrates, prepared by hand-picking and heavy liquid separation
methods, from 23 locations at the Red the Dog Creek area, and five mineral
concentrates from three locations at the Drenchwater Creek area were examined.
Hand-picking and heavy liquids were used in mineral separations. The purity
of the mineral separates generally exceeded 95 percent. The sulfide minerals
were converted to SO7 for mass spectrometric analysis by reaction with Cu0 at
900° C. Barite was reduced topHyS by boiling in a mixture of HI, H3PO2, and
HCl. The H9S was precipitated as CdS, converted to AgS, and combusted to SO;
with Cu0 at 900° C. Reproduction of 8§34S values is + 0.2. The sulfur isotope
data is given in Table 2 and the data is plotted in Figure 2.

The range of sulfur isotope data for sphalerite for the Red Dog Creek
area is very restricted, showing §34S means near 0. Values of 8345 are +0.7
for siliceous sphalerite, +0.5 for massive sphalerite, and +1.0 for vein
sphalerite. Galena 8345 values are isotopically lighter than sphalerite.
Pyrite §34S values range from a low of -16.6 to a high of +3.6. Pyrite
generally is also 1isotopically lighter than coexisting sphalerite and
therefore not in isotopic equilibrium with sphalerite.

Paragenetically, pyrite crystallized both earlier and 1later than other
ddes in both the massive sulfide and quartz-sulfide deposits.
allized pyrite, generally with a colloform habit, was followed by
eavier sphalerite. Galena generally crystallized simultaneously




Table 1. Galena Lead Isotope Analyses,
M. H. Delevaux, analyst

sample 206py /204y, 207pp, 204p,  208pp ,208py
Red Dog 78ARD-1 (vein) 18.414 15.602 38.254
Red Dog RD-63B (dissem.)  18.409 15.598 38.238
Drenchwater 77ANK-13H 18.428 15.609 38.351
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Table 2 . Sulfide and Barite &§3“S Values,

H. R. Krouse, analyst.

Sample pyrite sphalerite gal2na  sp-gn

TOC*

barite
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Figure 2.--Graph showing &3“S values of sulfide minerals and barite
at the Red Dog Creek area, northwestern Brooks Range, Alaska.



with or possibly slightly later than sphalerite, and is isotopically lighter
than sphalerite (table 2). Evidence for early pyrite includes atoll and
island structures of pyrite in sphalerite and galena, and truncation of
growth-zoned pyrite by massive sphalerite. Paragenetically late pyrite occurs
in veinlets that crosscut all other sulfide minerals.

As many as four groups of barite can be distinguished isotopically (table
2, fig. 2). Paragenetically early barite in quartz-sulfide deposits occurs
along with sulfide minerals in hexagonally zoned quartz crystals. Sphalerite
and galena occur  interstitially around the quartz crystals, and
later-crystallized barite occurs in voids and fractures cutting the
interstitial sphalerite and galena.

Temperatures of deposition for sphalerite-galena pairs are calculated
using the sulfur isotope analyses and the fractionation data of Ohmoto and Rye
(1979). Depositional temperatures vary from 115° to 305° C (table 2) for
contiguous sphalerite and galena.

SULFUR ISOTOPE MODEL

Any model for the mineralization process at the Red Dog Creek and
Drenchwater (Creek areas must be compatible with the following isotopic and
geological observations: (1) 834S wvalues for galena and particularly
sphalerite are similar in the vein and both types of stratiform sulfide
deposits. (2) §34S values for sphalerite have a narrow range and cluster
around 0. (3) Sphalerite is generally isotopically heavier than pyrite. (4)
At least two generations of pyrite formed, one earlier than, and the other
after the crystallization of sphalerite. (5) Barite 1is texturally and
temporally associated with the other sulfide minerals and exhibits up to four
groups of §34S values ranging from -0.3 to +27.8 (fig. 2).

Models involving bacterial reduction of sea water sulfate as the sole
source of sulfur for both sulfides and barite were considered and rejected
because the depositional temperatures are apparently much too high for this
process. Another possible model consists of reduction of sea water sulfate
into an ore-forming solution by reaction with Fe+2-bearing components in rocks
at temperatures above 250° C (Mottl, 1976). This model is appealing because
it explains many of the observed isotopic features in the two areas. The
resulting barite would range from Permian or Mississippian sea water sulfate
634S values (+9.6 to +13.0) to 8§34S values heavier than sea water sulfate

(Thode and Monster, 1965). The resulting sulfur isotopic fractionation
between coexisting sulfide and barite 1is wusually smaller than predicted
equilibrium §34S values. This situation occurs at Red Dog Creek. However,

while explaining the barite §34S values, the model does not explain the narrow
range of sphalerite §34S values which cluster around O.

Our preferred model incorporaﬁes the mixing of two sulfur-bearing
solutions and attempts to explain both the wide range of barite §34S values
and the narrow range of sphalerite §34S values. A possible model for
mineralization  follows. Early, isotopically 1light pyrite and quartz
crystallized during inorganic reduction of sea water sulfate at temperatures
of at least 250° C. Subsequent hydrothermal mineralization, resulting in the
formation of sphalerite, galena, barite, and late pyrite, might have been
caused by the mixing of two sulfur-bearing solutions at the site of stratiform
mineralization, adjacent to where vents discharged hydrothermal fluids onto
the sea floor. One solution contained sea water sulfate with §34S values of
perhaps +16 to +18, and the other solution, derived from a deep-seated source,

13
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contained H2S with about a §34S value of 0. The sulfide minerals crystallized
from the solution with a §34S value of 0, and some of the barite crystallized
from sea water sulfate. However, during the mixing of the solutions in the
"plumbing system" beneath the forming deposit, some H7S was oxidized to SCj".
The mixing of this §0,% with sea water sulfate led to the observed §34S range
of +7.3 to +18.6 in later~crystallizing barite.

The barite with §34S values of +0.1 and +0.2 (table 2) occurs in very
minor amounts and is associated with sphalerite that is only slightly heavier
isotopically. Apparantly this barite formed from oxidized H2S without any
contamination from sea water sulfate. The occurrence of the isotopically
heaviest barite, with a §34S value of +27.8 (sample RD-38, table 2) occurs at
a distance of 1.5 km east of the center of the stratiform sulfide deposits in
the Red Dog Creek area. This isotopically heavy barite presumably formed
primarily from sea water sulfate without any sulfur from a deep-seated source.

This model 1is compatible with: (1) the occurrence of much of the
isotopically lighter barite in small amounts with sulfide minerals; (2) the
occurrence of most of the isotopically heavier barite in massive lenses with
minor to no sulfide minerals; (3) the paragenetic occurrence of most of the
isotopically heavier barite either prior to or after sulfide minerals; and
(4) the relatively narrower ranges and lower values of 34S for sphalerite,
galena, and pyrite and marcasite which would be derived from a deep-seated
source. Alternatively, the barite in the Permian Siksikpuk Formation with
6348 values of +16 to +18 may also have been derived from Permian evaporite
sulfate which would be heavier than contemporaneous Permian sea water sulfate
with average §34S values of about +10 (Thode and Monster, 1965). However, the
absence of Permian evaporite deposits in this region, and the inapplicability
of this mechanism for the Mississippian stratiform sulfide deposits preclude
this source of sulfur.

GEOLOGIC SETTING OF STRATIFORM ZINC-LEAD-BARIUM DEPOSITS

Field and petrologic data indicates that sulfide and sulfate mineral
deposition was stratiform and volcanogenic, meaning the deposits formed
simultaneously with, or just after sedimentation and submarine volcanism.
Volcanic exhalations, including both magma and hydrothermal fluids, mixing
with and heating sea water, were the source of the mineralizing fluids.
Continued circulation of hydrothermal fluids generated during submarine
volcanism altered the volcanic rocks, volcaniclastic rocks, and chert and
shale. Lead isotope data suggest generation of lead in either a mature island
arc, or average orogene i.e., an Andean~type arc environment, and also suggest
extreme similarity of lead to the Kuroko-type massive sulfide deposits of

Japan. Sulfur isotope data indicate: (1) extremely similar §34S values for
sphalerite and for galena for both disseminated and vein occurrences in both
areas; (2) a magmatic source for sulfide sulfur; (3) depositional

temperatures between 115° C and 305° C; and (4) compatibility of a model
involving mixing of various proportions of sulfur from sea water sulfate and
magmatic H2S to form barite,

The data indicate the stratiform zinc-lead-barium deposits in the Red Dog
Creek and Drenchwater Creek areas formed during a short-lived period of
Mississippian submarine volcanism. The sulfide and sulfate mineral deposition
and the submarine volcanism most likely occurred in an ocean basin adjacent to
a continental platform in an incipient Andean-type arc environment or in a
mature island arc environment. Metal-laden  hydrothermal fluids were
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discharged onto a low energy deep ocean floor during submarine eruption of
keratophyre and andesite. The massive sulfide-rich veins may represent
hydrothermal conduits for discharge of metal-laden hydrothermal fluids. The
hydrothermal fluids spread out along the sea floor during discharge to form
the disseminated stratiform zinc-lead-barium deposits that are
stratigraphically adjacent to or enclosed in chert, shale, tuff, tuffaceous
sandstone, and keratophyre. The sedimentary, volcaniclastic, and volcanic
rocks of the Mississippian unit of the Kagvik sequence were extensively
hydrothermally altered adjacent to the hydrothermal and volcanic vents during
discharge and spreading of hydrothermal fluids.
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INTRODUCTION

The BT claim group is in the central portion of the Ambler district of
the southwestern Brooks Range, approximately 350 km east of Kotzebue and west
of the trans-Alaska pipeline. The claims contain three fault-bounded blocks
of metamorphosed mixed pelitic, volcanic and carbonate strata of upper Devon-
ian to Mississippian age. Two major folding events have deformed the area,
both with associated synkinematic metamorphism. Significant sulfide minerali-
zation is present along two separate horizons., The BT sulfide horizon contains
a stratiform, pyritic massive sulfide within a felsic metavolcanic sequence.
Jerri Creek horizon mineralization occurs with banded, chemically precipitated
metasediments in a carbonate rich host rock. Neither of these occurrences
could be classified as typical Kuroko-type volcanogenic massive sulfides since
they are not spatially related to a volcanic vent area and have strike lengths
of several kilometers, The regional geological setting of the Ambler district
suggests that sulfides were deposited in a rifted continental margin rather

“than a convergent plate margin which is the tectonic setting envisioned for
most volcanogenic massive sulfides.

REGIONAL GEOLOGY

Volcanogenic massive sulfide deposits of the Ambler district are contained
within a folded sequence of pelitic schists with minor metacarbonate and meta-
volcanic rocks. Federal land withdrawals artificially bound the mineralized
area on three sides, This sequence has been dated as late Devonian to early
Mississippian on the basis of fossils in dolomitic marble on the BT claims
(Hitzman,1978), Pb-Pb dates from the BT sulfide horizon (Smith and others,1978)
and U~Pb zircon ages from regionally extensive metavolcanic units (Dillon and
Pessel,1979), The Ambler district mineralization forms a narrow, 5 km wide
belt within the Ambler schist belt that strikes roughly east to west along the
southern flank of the Brooks Range. The schist belt contains folded pelitic
and carbonate metasediments which range in age from early Paleozoic to upper
Devonian.

Metavolcanic rocks are volumetrically a minor constituent of the Ambler
schist belt, They consist of highly potassic metarhyolites (Kelsey,1979;
Kelsey and others,1980) and tholeiitic metabasalts (Smith and others,1978;
Nelsen,1979; Kelsey and other,1980); no intermediate igneous rocks, such as
island-arc andesites are associated with the volcanogenic package hosting the
sulfide occurrences. Other features common to convergent plate margins, such
as coarse clastic sediments and melange structure are also absent in the Ambler
schist belt. Detailed mapping in the schist belt by Anaconda Company geolo-
gists indicates that sedimentation and the distribution of volcanic rocks may
have been controlled by a series of east to west striking structures, probably
grabens,

The schist belt is bounded on the north by the Baird group carbonates of
probable upper Devonian age (C. Mayfield, pers. comm, 1979) which are overlain,
and structurally intercalated with, thrust sheets of Devonian Hunt's Fork shale
and Mississippian Lisburne Group carbonate rocks (Mayfield and Talleur,1978).
Basement of the central Brooks Range in this area is poorly known but apparently
consists of metasediments intruded by several granitic plutons, now displaying
a gneissic texture, The plutons yield Proterozoic to Paleozoic U-Pb zircon
ages (Dillon and Pessel,1979).

To the south, the Ambler schist belt adjoins the upper Devonian Cosmos Hills
terrane which contains a narrow platform sequence of subtidal to intertidal
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metacarbonate rocks overlying metasediments (Hitzman,1979). This terrane is
overthrust on its southern edge by the Angayucham metabasalt, a sequence of
ocean floor basalts with minor chert and limestone,which has undergone preh-
nite/pumpellyite grade metamorphism., These rocks are correlative with the
ophiolitic sequence recognized in the western Brooks Range (Roeder and Mull,
1978) and range in age from upper Devonian (Fritts,1970) to Jurassic (D. Jones,
pers. comm. 1979).

The Devonian paleogeography of the southern Brooks Range was apparently
dominated by topographically high blocks receiving carbonate sedimentation,
separating troughs filled by fine-grained pelitic sediments and the minor
volcanic rocks. Oceanic crust probably adjoined the southernmost block, the
Cosmos Hills terrane, The bimodal nature of the volcanic suite containing
the sulfide deposits combined with the lack of evidence for a Devonian con-
vergent plate margin either to the north or south of the schist belt suggests
that during the late Devonian the southwestern Brooks Range was a tensional
environment; a rifted continental margin is probably the best model.

STRUCTURE AND METAMORPHISM

The structural history of the Ambler schist belt is complex, with three
major deformational episodes recognized (Hitzman,1978). An early period of
isoclinal folding (F 1) with north-south axes is poorly understood and only
locally important, Isoclinal folding (F 2) along an east to west axis assoc-
iated with synkinematic metamorphism produced the dominant schistosity of
the schist belt. The schistosity is axial planar to folds of this generation
and is generally parallel to bedding; it is defined by an intense, penetrative
fabric and synkinematic growth of upper greenschist to blueschist mineral
assemblages. The age of this event is controversial; K-Ar dates on minerals
of these assemblages (Turner and others,1979) suggest it occured in the late
Triassic to Jurassic. Cretaceous deformation (F 3) broadly arched the Ambler
schist belt on east-west axes and produced a major thrust belt in the central
Brooks Range, Synkinematic metamorphism accompanying this deformation produced
retrograde low greenschist assemblages including abundant helicitic albite
porphyroblasts.

LITHOLOGIES IN THE BT AREA

The dominant rock type in the area is a well foliated,brown weathering
pelitic schist, White mica and granoblastic quartz, the dominant constituents,
form well segregated bands, Mica layers contain up to 10 modal percent gra-
phite and accessory chlorite, clinozoisite, epidote, actinolite, sphene and
garnet; finely disseminated pyrite is often present. Porphyroblasts of albite
helicitically enclosing mica bands are common. The pelitic schist is presu-
mably the metamorphosed equivalent of a fine grained clastic sediment, probably
a mudstone or siltstone.

' Calcareous metasedimentary rocks are grey weathering, foliated to massive,
and often display relict bedding. Most of these rocks are calcareous schists
containing nearly equal modal percentages of anhedral calcite and granoblastic
quartz. White mica is a major constituent; it is poorly segregated and defines
a poor foliation. Epidote, clinozoisite, actinolite, sphene, apatite, tremolite,
and pyrite are accessory minerals. Thin massive carbonate lenses are also
present. Prior tometamorphism these rocks were probably sandy limestones and
and calcareous siltstones.

Mafic metavolcanic rocks are generally green to grey weathering with a
massive to well foliated texture. Actinolite, epidote and chlorite are the
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dominant constituents of the rocks; quartz, sphene, albite and garnet are common
accessories. Albite is particularly common in well foliated greenstones and
forms anhedral porphyroblasts up to 8 mm in diameter. Massive greenstones may
contain glaucophane. The well foliated greenstones were probably tuffaceous
sediments; massive greenstones represent metamorphposed sills and flows.

The BT claims contain three distinct metarhyolite horizons. All are re~
sistant to weathering, poorly foliated to massive and tan tp cream on weathered
surfaces. The 'button' schist is a porphyritic metarhyolite containing blasto-
phenocrysts of microcline and quartz. The microclines are subhedral to euhedral
and may attain a diameter of 3 cm. Crystals which have not been partially
recrystallized to white mica and quartz often display relict resorption channels.
Wiltse (1975) suggests that the microcline replaced volcanic sanidine. Quartz
blastophenocrysts, or 'eyes' may reach 1.5 cm in diameter. Morphology of the
quartz eyes is variable; bipyramidal habits are characteristic of certain layers
within the button schist while other layers display rounded shapes with excel-
lently preserved relict resorption channels. The groundmass of the button
schist is composed of quartz and white mica with accessory biotite,pyrite and
zircon; porphyroblasts of albite helicitically preserve the poorly developed
foliation. Massive white mica segregations in button schist east of the BT
area have been described as recrystallized pumice fragments (Kelsey,1979).

The button schist has a strike length of approximately 30 km in the central
Ambler district. It maintains a relatively constant thickness of 200 m in the
BT area. It is possible to divided the button schist unit into layers, each
with distinctive modal percentages of microcline and quartz blastophenocrysts
as well a accessory minerals; tops of layers are more commonly micaceous than
their bases. Near the top and bottom of the unit, thin metasedimentary lenses
often separate distinctive button schist layers. The relict textures, combined
with the field relations, suggest that the button schists represent metamor-
phosed rhyolitic pyroclastic flows emplaced in a subaqueous environment,

The second felsic metavolcanic unit, metarhyolite, lacks the abundant
blastophenocrysts of the button schist. Rare rounded quartz eyes and small
euhedral microcline blastophenocrysts are present in some layers but are not
easily discernible in hand specimen. Granoblastic quartz, white mica and por-
phyroblastic albite are the dominant minerals; sphene, pyrite and bilotite are
common accessories. The rock is highly recrystallized but poorly foliated.
Metarhyolite occurs as discrete lenses with strike lengths exceeding 3000 m
and thicknesses of 6 to 35 m intercalated with metasediments, dominantly feld-
spathic schist,

'Phoney' button schist is the third felsic metavolcanic unit. It contains
sparse blastophenocrysts of microcline up to 1.5 cm in diameter and few quartz
eyes. The groundmass is generally well recrystallized. Unlike the button
schist and metarhyolite, the lower portion of the phoney button schist often
has a highly chloxitic groundmass. The phoney button schist occurs as discrete
lenses up to several thousand meters long and 5 to 50 m thick. Lenses of the
unit are known to crop out for a strike length of 25 km. Both the metarhyolite
and the phoney button schist are beleived to have formed similarly to the
button schist.

Silicic metavolcanics are often intercalated with feldspathic schists.
They are white to yellowish green in outcrop and well foliated. Granoblastic
quartz and white mica are the dominant constituents and are well segregated.
White mica layers contain abundant porphyroblasts of albite and accessory
pyrite and sphene. Highly graphitic pelitic schist is commonly finely inter-
layered with the feldspathic schists, which are probably felsic tuffs and
altered metarhyolites.
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STRATIGRAPHY

The units in the BT area strike nearly east to west and dip steeply south;
the sequence,comprising three blocks,does not appear to be inverted. Isoclinal
drag folds (F2) in calcareous schist along the northern edge of the claims are
the only major folds on the claim block. The sequence is separated into a
northern and middle block by the Z reverse fault, which formed concurrently
with isoclinal folding. The BT reverse fault separating the middle and southern
blocks, postdates isoclinal folding and is probably related to Cretaceous
deformation (F3).

The northern fault block grades upward from pelitic to calcareous
schists and marbles. The Jerri Creek sulfide horizon forms a distinctive marker
unit within these calcareous schists. Fossils preserved in dolomitic lenses
in the calcareous schists indicate that the paleoenvironment was at least
locally subtidal.,

In the middle fault block the stratigraphically lowest exposed unit is
pelitic schist which is overlain by the button schist sequence., Overlying the
button schist is 150 to 200 m of calcareous schist with minor feldspathic and
peliticzschist lenses, This is followed by a 600 m section of intercalated
feldspathic, pelitic and calcareous schists and metarhyolite containing the
BT massive sulfide horizon. The mixed schist section is capped by phoney
button schist which marks the cessation of felsic volcanism in the BT area.
Overlying units are dominated by pelitic schist containing thin lenses of
mafic metavolcanic rocks. -

Discontinuous lenses of sulfide bearing metasediments lithologically
similar to Jerri Creek horizon rocks are present above the button schist
sequence suggesting the sequences in the northern and middle fault blocks
are stratigraphically equivalent., Mapping to the west of the BT claims
(Proffett, 1975) indicates that there is approximately 1,200 m of reverse
displacement on the Z fault., This requires a rapid facies change between the
fault blocks and suggests the metavolcanic rocks of the middle block were
deposited in a trough bound by a shallow carbonate bank. -

Lithologies in the southern fault block are not correlative with those of
the northern and middle blocks. Pelitic schist is the dominant lithology and
is underlain by distinctive albite-rich greenstones and clean marbles. Felsic
metavolcanic rocks, feldspathic schists and calcareous schists are absent.

SULFIDE MINERALIZATION

Two significant sulfide bearing horizons have been located on the BT
claim group, A number of minor occurences are also present,

BT Massive Sulfide Horizon
The BT sulfide horizon consists of one to two layers of stratiform
massive to semi-massive sulfide, each averaging 1.5 m thick. These layers
are known from drilling to extend 2,000 m along strike and 300 m downdip.
Mapping has revealed that similar mineralization extends approximately
10 km to the west along the same .stratigraphic horizon; surface exposure
is insufficient to determine whether it is continuous or a series of lenses.
Mineralization occurs in a complex sedimentary sequence at the top
of the metarhyolite section. A fine grained, pyritic metarhyolite forms
the footwall to mineralization in the eastern portion of the drilled area;
it grades into feldpathic schist to the west. The sulfidic layers are
enclosed by feldspathic and highly graphitic pelitic schists. These lithologies
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extend upsection to the contact with the phoney button schist except in the
western portion of the drilled area where a thin, pyritic metarhyolite and
calcareous schists are intercalated with feldspathic schist.

The feldspathic and pelitic schists in the mineralized section contain
anomalously high modal percentages of chlorite compared to similar lithologies
elsewhere in the BT area. The chlorite rich zone forms a blanket above and
below the sulfide horizon throughout the drilled area, although occurrences of
abundant chlorite are spotty and tend to be concentrated in several poorly
defined zones. There are no distinct pipelike bodies of chlorite. Mapping
suggests that irregular chloritic zones extend at least 5 km to the west along
the sulfide horizon. The mineralized section also contains minor glaucophane
and chloritoid which are rare in other BT feldspathic and pelitic schists.
Some of the feldspathic schists contain relict quartz eyes indicating that they
may have originally been rhyolitic flows. Siderite, a rare mineral at BT,
occurs in calcareous schists of the mineralized section. These relations sug-
gest that the zones directly below and above the BT mineralization were hydro-
thermally altered. Such alteration generally involves the addition of Si10,,
Mg0 and Fe0 (Ijama,1974; Utada and others,1974; Franklin and others,1975; Large,
1978; Larson,1979); the zoning of minerals may be complex and is not well un-
derstood. The presence of chlorite as well as siderite, glaucophane and chlor-
itoid 1is consistent with the addition of Mg0 and FeO; the presence of excess
S$10, is difficult to extablish due to the high modal percentage of quartz nor-
mally present in these rocks.

Massive ore consists of 5 to 12 cm thick beds of pyrite with subsidiary
chalcopyrite and red-brown sphalerite which often occurs in thin bands; chal-
copyrite usually forms irregular pods. Silver is present in tennantite and a
variety of sulfosalts. Pyrite occurs as a groundmass mineral similar in size
to chalcopyrite and sphalerite (.5 to 2 mm in diameter) and as euhedral porphy-
roblasts (up to 4 cm in diameter). Disseminated sulfides, dominantly pyrite,
occur in feldspathic and graphitic pelitic schists between massive sulfide
layers. Barium is present as cymrite, a hydrous barium aluminum silicate, and
is restricted to. zones of disseminated sulfides. Current work has failed to
detect a coherent metal zonation.

The apparent lack of a nearby rhyolitic thickening and their lateral ex-
tent would normally lead to the classification of BT mineralization as a
'distal' yolcanogenic massive sulfide (Large,1977). However, the chloritic
alterxation and the relatively high Cu/Pb + Zn ratios are characteristics of
'proximal' deposits (Larxge,1977), The long strike length of mineralization.
the alteration mineralogy and the metal ratios suggest that the deposit may
have formed as a number of sulfide lenses above an extensive pyroclastic zone
that was undergoing variable alteration.

Jexrd Creek Horizon

Sulfide mineralization also occurs in the Jerri Creek horizon within
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