


Stratiform Zinc-Lead Deposits

in the Drenchwater Creek Area,
Howard Pass Quadrangle,
Northwestern Brooks Range, Alaska

By WARREN J. NOKLEBERG and GARY R. WINKLER

GEOLOGICAL SURVEY PROFESSIONAL PAPER 1209

Contemporaneous ocean-floor sedimentation,
submarine volcanism, sulfide deposition, and
hydrothermal alteration in Mississippian time

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1982



UNITED STATES DEPARTMENT OF THE INTERIOR
JAMES G. WATT, Secretary

GEOLOGICAL SURVEY
Dallas L. Peck, Director

Library of Congress Cataloging in Publication Data

Nokleberg, Warren J.
Stratiform zinc-lead deposits in the Drenchwater Creek areas,
Howard Pass quadrangle, northwestern Brooks Range, Alaska.

(Geological Survey professional paper ; 1209

Bibliography: p. 21-22

Supt. of Docs. no.: I 19.16:1209

1. Zinc ores—-—-Alaska--Drenchwater Creek region. 2. Lead ores—--Alaska--
Drenchwater Creek region. I. Winkler, G. R. II. Title. III. Series:
United States. Geological Survey. Professional Paper 1209.

TN483. AbLNGL 553.4'4'097987 81-607994
AACR2

For sale by the Superintendent of Documents, U.S. Government Printing Ofhce
Washington, D.C. 20402



CONTENTS

Page Page
Abstract . ........... 1 | Sulfidedeposits ...........coiiiiiiiii e 14
Introduction .............. ... . iiiii 1 Occurrence and limits ................... ... ... 14
Previous work . ..... ... .. 2 Petrology ...... ... 15
Stratigraphy of zinc- and lead-bearingrocks ................ 2 Disseminated sphalerite . .......................... 15
Petrology—Mississippian rocks of the Kagvik sequence .. ... 5 Disseminated sphalerite, galena, pyrite,
Silicified mudstone .. ............... ... 7 and marcasite ........ ... ...l 15
Sulfide-bearing chert .................................. 7 GeoChemistry ..o ottt e 16
Sulfide-bearing metaquartzite.......................... 9 Rock, soil, and stream-sediment samples ........... 16
Tuffaceous sandstone, tuffaceous siltstone, and tuff . . ... 9 Sulfideminerals ............. .. .. .. i 17
Keratophyreflows ........... ... ... ................. 10 Lead isotope analyses of galena.................... 18
Pyroxene andesite sill ................................. 10 Origin and modification ............................... 18
SEIUCEUTE .« .ottt e e 11 Submarine volcanogenic/hydrothermal origin ... ... 18
Major structures ................ ..o 11 Geologiccontrols. .........cooviiiiinriiieennnn... 19
Minor structures ..................i i, 13 Model ........ooiiii 20
Origin of structures ......................coviiiiii.. 14 | Regional mineral potential and exploration guidelines ... ... 20
Referencescited.............. ... i, 21
ILLUSTRATIONS
Page
PLATE 1. Geologic map of the Drenchwater Creek area, Howard Pass quadrangle, northwestern Brooks Range,
A8 KA ..o e e In pocket
2. Maps showing geochemical distribution of zinc, lead, barium, and s1lver in rock, soil, and stream-sediment
samples from the Drenchwater Creek area, Howard Pass quadrangle, northwestern Brooks Range,
AL RA . . e e e In pocket
FIGURE 1. Index map of northern Alaska, showing location of Drenchwater Creek area ............... ... ... ... 2
2. Oblique aerial views of Drenchwater Creek area .............. .. ... 0 iiiiiiiiiii e 3
3. Map of southern part of National Petroleum Reserve in Alaska, showing dlstnbutlon of the Kagvik sequence and
areas of high and low zinc-lead mineral-resource potential ........... ... .o it .. 4
4. Diagram showing reconstructed stratigraphic succession in the Kagvik sequence . .............. ... ... ... ... ... .. 5
5. Photomicrographs of thin sections of Mississippian rocks of the Kagvik sequence............................ ... ... 6
6. Ternary diagram showing modes of Mississippian clastic and volcaniclastic rocks of the Kagvik sequence ........... 10
7. Ternary diagram showing feldspar compositions in keratophyre . .......... ... it i eas 11
8. Ternary diagrams showing compositions of feldspar and clinopyroxene in pyroxene andesite........................ 11
9. Simplified structure map of Drenchwater Creek area ................c.cciiiiiiiiiiiineninnenns P 12
10. Photograph showing highly deformed dark-gray chert and shale inn Mississippian rocks of the Kagvik
sequence in southwestern part of Drenchwater Creek area ......... ... ... . i i 13
11. Lower-hemisphere stereograms of structures measured in Drenchwater Creek area.................................. 13
12. Photomicrographs of polished thin sections of sulfide minerals in Mississippian chert and metaquartzite
of the Kagvik sequence . ....... ... . . i e e .. 15
13. Graphs showing sphalerite and galena compoSItIoNS . .. ... .ottt e e 17
14. Diagrams illustrating model for origin and deformation of stratiform sulfide deposits in Drenchwater
IO AT . ... o i e e 20



v

TABLE

CONTENTS

TABLES

Page
1. Petrologic characteristics of Mississippian rocks of the Kagvik sequence in the Drenchwater Creek area ............. 8
2. Anomalous abundances of metallic elements in selected rock samples from the Drenchwater Creek area ............. 16
3. Electron microprobe analyses and structural formulas of sphalerite from the Drenchwater Creek area ............... 18
4. Electron microprobe analyses and structural formulas of galena from the Drenchwater Creek area .................. 19

5. Lead isotope ratios for galena from the Drenchwater Creek area .......... .. .. ... .. ... ... .. i, 19-



STRATIFORM ZINC-LEAD DEPOSITS IN THE
DRENCHWATER CREEK AREA, HOWARD PASS QUADRANGLE,
NORTHWESTERN BROOKS RANGE, ALASKA

By WARREN J. NOKLEBERG and GARY R. WINKLER

ABSTRACT

Major zinc-lead deposits occur at Drenchwater Creek in the
Howard Pass quadrangle in the National Petroleum Reserve in
Alaska (NPRA). Detailed geologic mapping of a 31-km? area shows
that sphalerite, galena, pyrite, marcasite, and sparse barite occur
irregularly in a zone at least 1,830 m long and 6 to 45 m wide. The
sulfide deposits are in deep-water marine rocks of Mississippian
age that consists of dark-gray chert and shale, tuff, tuffaceous
sandstone, and sparsely distributed keratophyre and andesite
flows and sills. These Mississippian rocks constitute the oldest
part of the Kagvik sequence, which includes rocks of late Paleozoic
and Mesozoic age. The Kagvik sequence is in the lowermost
structural plate of a terrane characterized by east-west-striking
gently south dipping thrust faults. The bedrock of the Drenchwater
Creek area is a tectonic breccia composed of a heterogeneous
mixture of lenses of different rock types; these lenses are commonly
several hundred meters long by a few tens of meters wide.

The sulfide minerals typically are present in hydrothermally
altered chert and shale adjacent to volcanic and volcaniclastic
rocks. Fragments of fine-grained feldspar, pumice lapilli, and
mafic volcanic rocks in the chert and shale are commonly replaced
by aggregates of kaolinite, montmorillonite, sericite, chlorite,
actinolite, barite, calcite, quartz, fluorite, and prehnite. Locally the
chert is altered to siliceous medium-grained metaquartzite. The
sulfide minerals and barite form disseminated grains, massive
sphalerite-rich layers, or, more rarely, quartz-sulfide veins that
crosscut cleavage. Selected samples contain more than 1 weight
percent Zn and 2 weight percent Pb, as much as 150 ppm Ag,
greater than 500 ppm Cd, and as much as 500 ppm Sb and 1,500
ppm Ba. Electron microprobe analyses of sphalerite show the
following atomic percentages: 44.3 to 47.5Zn, 2.0t0 5.2 Fe, 0.3 to 0.4
Cd, and 0.1 to 0.2 Mn. Analyses of galena show the following
atomic percentages: 47.8 to 49.9 Pb and 0.1 to 2.2 Sb. The pyrite
and marcasite are nearly devoid of trace metals. Lead isotope
analyses of galena show model lead ages of approximately 200
m.y. and indicate derivation of the lead from an average orogene,
either an island-arc or Andean-type arc environment.

Field and laboratory data suggest that the stratiform deposits
were formed from metal-laden hydrothermal fluids discharged
onto a deep-ocean floor during submarine eruptions that yielded
keratophyric to andesitic flows, tuff, and sills. Later intense
deformation disrupted and partly remobilized the stratiform
deposits.

The sulfide deposits in the Drenchwater Creek area represent a
recent discovery in a region that has not been thoroughly explored.
Zones of iron staining in the Kagvik sequence and zinc anomalies
in stream sediments indicate favorable areas for exploration to the
east and west of the Drenchwater Creek area.

INTRODUCTION

During the last few years, there has been great
interest in stratiform zinc-lead-copper deposits.
These deposits generally occurin carbonate rocks, in
dark-gray shale and chert, or in mafic to siliceous
submarine volcanic rocks (Gilmour, 1971; Hutchin-
son, 1973; Sillitoe, 1973; Lambert, 1976; Solomon,
1976; Urabe and Sato, 1978; Williams, 1978a, b).
Deposits of this type are thought to originate from
submarine volcanism through exhalation of sulfide-
rich hydrothermal fluids (Sangster, 1972). This
theory hasled to the discovery of extensive stratiform
sulfide deposits in the Yukon and Northwest Terri-
tories of Canada, including the extensive shale-
hosted Howard’s Pass deposit, which holds several
hundred thousand tons of 10-weight-percent com-
bined Zn-Pb values (Templeman-Kluit, 1978), and
the shale-hosted Tom deposit, with published re-
serves of 7 million tons grading 8.4 weight percent
Zn, 8.1 weight percent Pb, and 2.8 troy oz Ag per ton
(Brock, 1976).

During fieldwork in 1950-53, 1976, and 1977, I. L.
Tailleur (oral commun., 1977; Tailleur and others,
1977) observed iron staining from weathered pyrite,
marcasite, sphalerite, galena, and minor barite in
dark-gray chert and shale along Drenchwater Creek
(fig. 1). During fieldwork in 1955 and 1968, Tailleur
(1970) observed similar sulfide minerals in Mississip-
pian rocks along Red Dog Creek in the De Long
Mountains quadrangle, about 120 km west of Drench-
water Creek. Because of similarities between the two
deposits, Tailleur (1970) suggested that other areas
along the north front of the Brooks Range where
prominent iron-stained dark-gray chert and shale of
Mississippian age occur might be the sites of zinc,
lead, and barium deposits of potential economic
significance. The metallic-mineral resource potential
of the area had previously been considered to be low.

Since 1970, the zinc-lead deposits at Red Dog Creek
have been intensively explored (Plahuta, 1978;
Plahuta and others, 1978; Nokleberg and others,
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2 STRATIFORM ZINC-LEAD DEPOSITS, DRENCHWATER CREEK AREA, ALASKA

1979a, b). That area is now the site of extensive claim
staking for stratiform zinc-lead-barium deposits;
recent newspaper accounts estimate that two major
companies have staked more than 5,000 mining claims.
These discoveries have generated considerable inter-
est in the stratiform sulfide deposits in the Brooks
Range, and also in the geologic setting and genesis of
these deposits in the northwestern Brooks Range. A
large part of the National Petroleum Reserve in
Alaska (NPRA) (fig. 1) between the Red Dog Creek
and Drenchwater Creek areas contains rocks whose
stratigraphy, structure, and age resemble those that
host sulfide deposits in the Red Dog Creek area
(Tailleur, 1977; Plahuta, 1978; Plahuta and others,
1978; Nokleberg and others, 1979a, b). In the same
general area, Mayfield, Curtis, Ellersieck, and
Tailleur (1979) also reported zinc-lead and barite
deposits in the Ginny Creek and Nimiuktuk areas, in
rocks similar to those hosting the deposits in the
Drenchwater Creek and Red Dog Creek areas.

The Drenchwater Creek area contains the best
exposed and most abundant zinc- and lead-sulfide
deposits yet discovered in the NPRA (fig. 2). Conse-
quently, we have studied the area in detail to acquire
basic information on the genesis of the stratiform
sulfide deposits for mineral-resource assessment and
exploration within that region (Nokleberg and
Winkler, 1978a, b, c). The results of our studies
presented hereinclude: (1) a detailed geologic map of
about a 30-km? area at a scale of about 1:20,000; (2)
petrologic analyses of host rocks and sulfide samples;
(3) structural analysis of the tectonic breccia and
melange that constitute most of the bedrock in the
area; (4) semiquantitative analyses of whole-rock,
soil, and stream-sediment samples; (5) electron micro-
probe analyses of silicate minerals from igneous
flows and sills; (6) electron microprobe analyses of
sphalerite, galena, pyrite, and marcasite from mineral-
ized rocks; (7) lead isotopic analyses of sulfide
minerals; and (8) discussion of the genesis of the
deposits. The detailed geologic mapping and sam-
pling was done during July 1977 with about 44 man-
days of effort.

Drenchwater Creek flows northward from the
crest of the Brooks Range, which is only a few
kilometers south of the study area, into the Kiligwa
River, a tributary of the Colville River. Relief in the
area is moderate; low hills and ridges rise a few tens
to a few hundreds of meters above the major drain-
ages (fig. 2). To the south, the crest of the Brooks
Range ranges in altitude from 1,500 to 2,000 m.
Although vehicle movement is practicable in the
winter, helicopters provide the only effective access
to the area in the summer. The nearest communities
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FIGURE 1.—Index map of northern Alaska, showing location of
Drenchwater Creek area, Red Dog Creek area, Howard Pass
quadrangle (shaded), and National Petroleum Reserve in Alaska
(NPRA).

are Kotzebue, Alaska, about 240 km to the southwest,
and Umiat, Alaska, about 280 km to the northeast.

PREVIOUS WORK

This report is part of a mineral-resource assess-
ment of the northern foothills of the Brooks Range
within the NPRA and also part of the land-use study
required by section 105(c) of the National Petroleum
Reserves Act of 1976. Other reports include those by
Churkin, Huie, Mayfield, and Nokleberg (1978a),
Churkin and others (1978b), Mayfield, Tailleur, Mull,
and Sable (1978), Theobald and others (1978), and
Nokleberg, Plahuta, Lange, and Grybeck (1979a, b).
Additional studies of soil geochemistry and of ground
magnetic and ground mercury-vapor geophysics
havebeen made by Metz, Robinson, and Lueck (1979)
for the U.S. Bureau of Mines. The western part of the
Howard Pass quadrangle was partly mapped by
Tailleur, Kent, and Reiser (1966) at a scale of 1:63,360.

Acknowledgments.—We are indebted to the earlier
mapping and studies of the region by I. L. Tailleur,
C. F. Mayfield, and their associates, who gave freely
of their time and expertise. Michael Churkin intro-
duced us to the Drenchwater Creek area and provided
excellent geologic guidance. The semiquantitative
analyses were done mainly by P. K. Theobald and
H. N. Barton. We appreciate the many discussions
with D. K. Blasco, I. M. Lange, Uldis Jansons,
Donald Grybeck, E. M. MacKevett, Jr., and J. T.
Plahuta.

STRATIGRAPHY OF ZINC- AND
LEAD-BEARING ROCKS

The bedrock of the Drenchwater Creek area com-





















PETROLOGY—MISSISSIPPIAN ROCKS OF THE KAGVIK SEQUENCE 9

TABLE 1.—Petrologic characteristics of the Mississippian rocks in the Kaguvik sequence, Drenchwater Creek area, northwestern Brooks
' Range, Alaska—Continued

Percentage of major and
minor minerals

Petrologic name (italic),
map unit, map symbol

Alterations, replacements

Textures and structures or recrystallization

Albite, anorthoclase......
Sanidine
Hornblende ... ..
Sericite, montmorillonite,
kaolinite, carbonate,
chlorite. ...
Opaque minerals
Biotite
Augite
Labradorite-bytownite......26-28
Opaque minerals 5
Biotite ... ...
Carbonate ..o

Keratophyre
Keratophyre, Mke
Fine-grained tuff, Mft

.....50-65

Pyroxene andesite
Andesite and andesite tuff,
Mat

Medium to coarse grained. Por- Feldspar phenocrysts replaced by
phyritic feldspar and horn- kaolinite, sericite, and mont-
blende. Pilotaxitic plagio- morillonite. Mafic phenocrysts
clase groundmass. replaced by opaque minerals

and chlorite. New growth of
sericite and chlorite.

Replacement of groundmass

Medium grained. Ophitic to !
plagioclase by carbonate.

porphyritic. Large zoned
augite enclosed 1n mosaic
of plagioclase. Interstitial
biotite.

round polycrystalline quartz aggregates represent
recrystallized radiolarians. “Sulfide-bearing chert”
is the petrologic name for rocks designated ‘“dark-
gray shale” in the field.

SULFIDE-BEARING METAQUARTIZITE

The sulfide-bearing metaquartzite contains mainly
disseminated sphalerite and includes sparse galena,
pyrite, and marcasite in a matrix of angular to
hexagonal quartz (fig. 5C). The sulfide minerals also
occur in rare 2- to 10-mm-thick quartz-sulfide veins.
The hexagonal quartz contains concentric zones rich
in galena (opaque minerals, fig. 5D) and sparse fluid
inclusions as large as 15 um in diameter. The abun-
dantliquid and very small vapor bubbles in'the fluid
inclusionsindicate a deposition temperature of about
100°C (T. G. Theodore, oral commun., 1978). The
metaquartzite is interpreted as representing chert
recrystallized to a medium-grained metamorphic
rock that contains mostly hexagonal quartz and
sulfide minerals. The inclusions of galena in growth
zones in the quartz indicate that sulfide deposition
occurred simultaneously with recrystallization of
the chert. Chert recrystallization to metaquartzite
was probably contemporaneous with submarine vol-
canism because the metaquartzite is stratigraphi-
cally parallel and adjacent to the volcanic and
volcaniclastic rocks. The recrystallization of quartz
during sulfide deposition is an important link
between sulfide deposition and hydrothermal replace-
ment.

TUFFACEOUS SANDSTONE, TUFFACEOUS SILTSTONE,
AND TUFF

The tuffaceous sandstone, tuffaceous siltstone,

and tuff contain abundant clasts of volcanic rocks,
feldspar replaced by kaolinite and quartz, pumice
lapilli replaced by kaolinite, sericite, montmoril-
lonite, and clasts of quartz and carbonate. Rocks
containing abundant subrounded clasts of quartz,
calcite, or feldspar replaced by kaolinite are here
designated “sandstone” or “siltstone,” depending on
grain size, whereas rocks containing abundant
angular to subangular clasts of volcanicrock, pumice
lapilli, or feldspar replaced by kaolinite are here
designated “tuff.” The modifying terms “kaolinite,”
‘“calcareous,” “vitric,” and ‘“crystal” are used to
describe the more common clasts in each rock. The
tuffaceous sandstone, tuffaceous siltstone, and lapilli
tuff are closely associated with the keratophyre (pl.
1), which appears to grade laterally into tuff and
tuffaceous sandstone. Thislateral gradation appears
torepresent sea-floor extrusion during which volcani-
clastic debris was spalled from the sides of flows and
mixed with volcaniclastic debris emanating from the
vent. The close association of mafic tuff with pyrox-
ene andesite is considered to reflect a period of
shallow intrusion and submarine volcanism of
slightly different chemical composition from that of
the tuffaceous sandstone and tuff associated with
keratophyre flows.

The kaolinite tuffaceous sandstone contains: euhed-
ral feldspar crystals and fragments replaced by
kaolinite and quartz; pumice fragments, also re-
placed by kaolinite, quartz, sericite, and montmoril-
lonite; mafic volcanic rock fragments; and clasts of
quartz and minor carbonate(fig. 5E). Sphalerite and
galena occur as disseminated grains. Through cross-
ed polarizers, medium-grained kaolinite is visible as
the chiefreplacement of feldspar (fig. 5E). “Kao.inite

tuffaceous sandstone” is the petrologic name for
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rocks named ‘“dark-gray chert” or “dark-gray shale”
in the field. The calcareous tuffaceous sandstone
contains calcite fragments, replaced pumice lapilli,
mafic volcanic rock fragments, feldspar altered to
kaolinite, and minor hydrothermal fluorite (fig. 5F).
Round aggregates of quartz represent recrystallized
radiolarians.

The clastic and volcaniclastic rocks in the Drench-
water Creek area fall into three main fields: mud-
stone consisting principally of quartz and minor
kaolinite; kaolinite tuffaceous sandstone, siltstone,
and lapilli tuff; and calcareous tuffaceous sandstone
and lapilli tuff (fig. 6). The mafic tuff contains
principally vesicular basalt fragments, calcite frag-
ments, and sparse quartz clasts (fig. 5G); vesicles in
thebasalt fragments are commonly filled by chlorite
and sparse prehnite. “Mafic tuff”’ is the petrologic
name for rocks designated “volcanic agglomerate”
in thefield. The mafic tuff contains numerous hydro-
thermal-replacement minerals, including kaolinite,
sericite, montmorillonite, chlorite, carbonate (mostly
calcite and minor siderite), and prehnite.

KERATOPHYRE FLOWS

The keratophyre contains large phenocrysts of
alkali feldspar (albite, anorthoclase, and sanidine)
in a very fine grained matrix of alkali feldspar
microlites (figs. 5H, 7); sparse hornblende and biotite
with chlorite cores also form medium-grained pheno-
crysts. The feldspar phenocrysts and microlites are
mostly replaced by kaolinite, sericite, and montmoril-
lonite, and the mafic phenocrysts by opaque minerals
and chlorite. “Keratophyre’ is the petrologic name
for rocks designated “dacite” in the field. The mini-
mum thickness of the keratophyre is 150 m.

Most of the feldspar phenocrysts are alkali feld-
spar. However, three analyzed phenocrysts had
either plagioclase cores or rims of composition
between about An,, and Ans,, and two plagioclase
phenocrysts had rims that were more calcic than the
cores. The rims of sanidine phenocrysts were either
more potassium rich or more sodium rich relative to
the core. The microlites range in composition from
almost pure albite to almost pure orthoclase. The
wide variations in both feldspar phenocryst and
microlite composition indicate disequilibrium crystal-
lization and probably reflect rapid quenching of the
magma during sea-floor eruption.

The keratophyre contains an unusual occurrence
of medium-grained biotite phenocrysts with chlorite
cores. Biotite is not replaced by chlorite along cleav-
age planes; instead, biotite uniformly rims chlorite.
This relation indicates that chlorite was the first
layered silicate to crystallize, probably during initial

eruption and rapid quenching of the magma during
submarine volcanism. The later, peripheral biotite
probably crystallized at higher temperatures after
more magma was extruded and hotter conditions
prevailed. This interpretation would explain the
unusual occurrence of magmatic chlorite in the
keratophyre.

PYROXENE ANDESITE SILL

The pyroxene andesite contains mostly medium-
grained augite and fine-grained plagioclase and
biotite (fig. 5I). Plagioclase is extensively altered to
calcite. The pyroxene andesite, which generally con-
tains medium-grained augite and biotitein a ground-
mass of very fine grained plagioclase, consequently
is interpreted as a shallow-intrusive rock. However,
the presence locally of adjacent mafic tuff (pl. 1)
indicates that some of themafic magma forming the
pyroxene andesite also vented onto the sea floor.

Allthe feldspar in the pyroxene andesiteis unzoned
plagioclaseranging in composition from about albite
to andesine; two analyzed crystals consisted of labra-
dorite (fig. 84). Augite in the pyroxene andesite is
diopside rich (fig. 8B). Cores and rims are of nearly
the same composition; therims, however, are slightly
richer in ferrous iron than the cores. Electron micro-

L/Kaolinite tuffaceous
\  sandstone, siltstone,

Calcareous tuffaceous sandstone,
siltstone, and tuff

FIGURE 6.—Modes of Mississippian clastic and volcaniclastic rocks
of the Kagvik sequence. Q, quartz lithic grains; K, feldspar
altered to kaolinite; C, calcite and mafic volcanic rock fragments.
These three components make up 90 percent or more of each
sample.
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FIGURE 7.—Feldspar compositions of keratophyre in terms of
anorthite, albite, and orthoclase end members, based on electron
microprobe chemical analyses by W. J. Nokleberg. Lines with
triangles show compositional changes from core to rim of zoned
phenocrysts.

probe examination of the pyroxene andesiterevealed
no olivine in the rock.

STRUCTURE

MAJOR STRUCTURES

The bedrock of the Drenchwater Creek area is a
tectonic breccia marked by interleaved fault-bounded
lenses of different rock types that pinch out within a
few hundred meters. The area is intensely faulted
and folded at all scales. On the structure map (fig. 9)
and the geologic map (pl. 1), major faults are indi-
cated only in areas of extensive shearing or in areas
of stratigraphic discontinuity; the many shear zones
are not shown for simplicity. The heterogeneous
mixture of lenses of different rock types is evident in
most areas of the geologic map (pl. 1), particularly in
the center and to the south. Locally the bedrock is a
melange defined by large to small blocks of chertin a
pervasively sheared matrix of chert and shale (fig.
10) In the Drenchwater Creek area, most of the
contacts are faults; however, faults are designated
on the geologic map and cross sections (pl. 1) only
where extensive stratigraphic disruption exists. In
the eastern part of the area the units are somewhat
more continuous.

Despite intense deformation, discrete thrust plates
can be recognized in the Drenchwater Creek area,
each defined by the proportions of different rock

ANORTHITE

ALBITE A ORTHOCLASE
CaSiOs3 CaSiO3
DIOPSIDE / \ HEDENBERGITE
CaMgSiz20s o CaFeSizOg
EXPLANATION

» Core
x Rim

ENSTATITE B FERROSILITE

MgSiO3 FeSiOs

F1GURE 8.—Compositions of feldspar and clinopyroxene in pyroxene
andesite, based on electron microprobe chemical analyses by
W. J. Nokleberg. A, Feldspar analyses in terms of anorthite,
albite, and orthoclase molecular end members. B, Clinopyroxene
analyses in terms of diopside, enstatite, hedenbergite, and fer-
rosilite molecular end members.

types and by distinct structural domains. From
north to south, we define the following thrust plates
(pl. 1): (1) the Mother Bear—a series of overturned
south-dipping east-plunging asymmetric folds,
mainly in the Lisburne Group and the Siksikpuk
Formation; (2) the Two Cubs—the only occurrence of
carbonaterocks of the Lisburne Group; (3) the Drench-
water—marked by sphalerite- and galena-bearing
tuff, tuffaceous sandstone, and keratophyre flows
forming part of the Kagvik sequence; (4) the Spike
Camp—a series of interleaved lenses consisting
mainly of the Siksikpuk and Shublik Formations
and lesser amounts of the Okpikruak Formation;
and (5) the Gas Drum—chert and shale of the
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Mississippian and Permian units of the Kagvik
sequence. The thrust plates, in turn, may be tectonic
slivers in an even coarser tectonic breccia.

The tectonic breccia exposed in the Drenchwater
Creek area appears to extend at least several tens of
kilometers to the west and perhaps many tens of
kilometers to the east along the north front of the
Brooks Range. We observed interleaved lenses or
blocks of Paleozoic and Mesozoic formations west-
ward into the central part of the Misheguk Mountain

quadrangle as far as the Nuka River and Chertchip
Creek, and eastward into the Howard Pass quad-
rangle as far as Story Creek. The term “tectonic
breccia” represents a reinterpretation of the dis-
turbed belt of I. L. Tailleur (oral commun., 1977). In
the Drenchwater Creek area, sparse evidence exists
that the units are generally upright and dip south. In
parts of the Shublik Formation where the pelecypod
Monotis is abundant, the generally convex upward
orientation and southward dip of the valvesindicates

et
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.
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| 1 1 A2
r T RIS
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EXPLANATION
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Sawteeth on upper plate
. i direction of beddi
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757 //// W

Sheared chert and shale
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FIGURE 9.—Simplified structure map of Drenchwater Creek area, showing highly deformed terrane constituting the Kagvik sequence.
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ppm in soil samples, and from 2,000 to more than
5,000 ppm in stream-sediment samples (pl. 2). The
high values in rock and soil samples can be related to
(1) nodules of barite sparsely distributed in the
Siksikpuk or Shublik Formation, or (2) disseminated
barite in the Mississippian rocks of the Kagvik
sequence. The high values in stream-sediment samples
represent placer concentrations of barite weathering
from these sources.

The highest values for barium, zinc, lead, silver,
arsenic, cadmium, copper, and antimony are in just
seven of the rock samples from the Drenchwater
Creek area (table 2), and the highest values for all
these elements but barium and zinc are in just two of
the samples (77AMD116 and 77ANKO013G), which
contained abundant sphalerite and galena. Electron
microprobe analyses (table 3) show that the sphaler-
ite contains abundant zinc and iron and minor
amounts of cadmium and manganese. The galena
contains abundant lead and minor amounts of silver,
arsenic, and antimony (table 4). Neither sphalerite
nor galena contains any detectable copper, and no
copper-bearing sulfide has yet been identified in the
study area. Local malachite staining in areas of
sphalerite and galena deposits may represent either
weathering of very sparse copper sulfide or, less
likely, primary copper carbonate minerals deposited
during hydrothermal alteration.

SULFIDE MINERALS

The compositional variations in the major-element
contents of sphalerite and galena are plotted in figure
13. In sphalerite, the antipathetic variation of zinc
with iron content indicates the well-known substitu-
tion of zinc for iron. Sphalerite composition ranges
from essentially pure ZnS to about 2.5 atomic percent
Fe and about 47.5 atomic percent Zn. Sphalerite
analyses plot at small distances from the line for pure
(Zn,Fe)S (fig. 13A4); the distance between any given
data point and the line for pure (Zn,Fe)S represents
either minor-element content (principally Cd) or error
in the analysis. A few large crystals show zoning,
from relatively zinc rich and iron poor cores to rims
richer in iron and poorer in zinc.

Cadmium content varies somewhat antipatheti-
cally with iron content (fig. 13B), but the variation is
not systematic. Systematic substitution of cadmium
for zinc or iron would produce compositional trends
parallel to the lines for (Zn,Cd)S or (Fe,Cd)S. A

FIGURE 13.—.—Spha]erite and galena compositions based on electron microprobe analyses by W. J. Nokleberg. Lines with triangles show
compositional changes from core to rim of large zoned crystals. A, Variation of Zn content with Fe content in sphalerite. B, Variation of

Cd content with Fe content in sphalerite. C, Variation of Sb content with Pb content in galena. Sphalerite analyses from table 3, galena
analyses from table 4.
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limited trend is evident in a few analyses, parallel to
the line for (Zn,Cd)S; most analyses, however, fall
randomly in the field of the diagram.

In galena, antimony varies antipathetically with
lead content (fig. 13C). Most analyses cluster in the
area near 50 atomic percent Pb and 0 atomic percent
Sb, although a few analyses trend parallel to the line
for (Pb,Sb)S. The maximum antimony content is just
more than 2.0 atomic percent. The distance between
any particular data point and the line for (Pb,Sb)S
(fig. 13C) most likely represents experimental error in
determining small amounts of antimony in galena.
Besides the minor amounts of antimony in galena,
trace amounts of arsenic and silver were also found,
in a range of a few tens of parts per million for each
element. X-ray compositional scans on the electron
microprobe show microscopic inclusions, as large as
a few tens of micrometers in diameter, of an unidenti-
fied sulfosalt containing abundant antimony and
lesser arsenic and silver. Electron microprobe
analyses of pyrite and marcasite show only iron and
sulfur with no major impurities.

LEAD ISOTOPE ANALYSES OF GALENA

Lead isotope analyses of galena (table 5) indicate
model lead ages of approximately 200 m.y., according

STRATIFORM ZINC-LEAD DEPOSITS, DRENCHWATER CREEK AREA, ALASKA

to the model of Stacey and Kramers (1975). The
analyses also indicate that the lead was derived from
a large volume of average-orogene material which
may have included a considerable component of
continental material (B. R. Doe, written commun.,
1979). Derivation of the lead from an average orogene
indicates either an island-arc or an Andean-type arc
environment, rather than a sea-floor-rifting environ-
ment, for the formation of the stratiform zinc-lead
deposits in the Drenchwater Creek area.

ORIGIN AND MODIFICATION

SUBMARINE VOLCANOGENIC HYDROTHERMAL ORIGIN

Several lines of field and petrologic evidence indi-
cate a submarine volcanic origin for the volcanic and
volcaniclastic rocks, for a significant part of the dark-
gray chert and shale, and for the stratiform zinc-lead
deposits in the Mississippian rocks of the Kagvik
sequence in the Drenchwater Creek area:

(1) The keratophyre flows grade laterally into
bedded tuff, tuffaceous sandstone, and tuffaceous
siltstone that are interbedded with dark-gray chert
and shale containing some volcaniclastic debris as
well as radiolarians.

(2) The tuff, tuffaceous sandstone and siltstone,

TABLE 3.—Electron microprobe analyses and structural formulas of sphalerite from the Drenchwater Creek area, northwestern Brooks
Range, Alaska
[Analyst: Warren J. Nokleberg]

Sample ... 11bA 13E
Grain No. ... 1-Core 1-Rim 2-Core 2-Rim 3 4 la 1b 2 3a 3b
Major elements (weight percent)

32.934 33.039 33.055 32971 33.098 33.157 32,893 32.907 32.731 33.067 33.179
026 043 .045 026 033 032 225 217 217 101 228
679 1.439 329 1.232 1.609 865 2.238 2.262 2.543 2.702 2.256

66.156 65.494 65.491 65.504 65.039 65.528 63.914 64.140 64.022 64.070 64.043
433 316 392 367 276 724 552 783 611 200 487

100.227 100.332 99.762 100.099 100.054 100.305 99.823 100.309 100.124 100.139 100.193
Structural formulas

49.970 49.983 50.295 50.014 50.136 50.226 49.980 49.850 49.675 49.983 50.153
023 038 040 023 029 028 199 1192 193 089 201
591 1.250 287 1.073 1.399 752 1.952 1.967 2.215 2.344 1.957

49.229 48,593 49.208 48.732 48317 48.681 47629 47.653 47.653 47.497 47.478
187 137 170 159 119 313 239 338 264 086 210

13F 13HB 13HC

1A 1B 2 3 4 2a 2b 3 5 6 1 2

Major elements (weight percent)
32.908 33.022 33.050 32.991 33.119 32,998 32.980 33.028 33.075 33.020 33.191 33.028
055 1032 061 039 046 1052 045 029 038 035 228 238
1.559 1.474 1000 1.376 1.185 074 108 2.091 1.607 1.638 2.417 2219
64.210 64.945 66.941 64.676 65.186 66.676 66.653 63.957 64.400 64.363 64.071 63.932
314 238 219 267 1226 258 1252 232 391 332 525 585
99.047 99.711 100.271 99.348 99.763 100.058 100.038 99,337 99511 99.388 100.431 100.002
Structural formulas

50.306 50.181 50.093 50.291 50.286 50.114 50.099 50.288 50.330 50.303 50.074 50.071
049 029 054 035 041 .046 040 026 034 031 200 211
1.368 1.286 -000 1.204 1.033 064 094 1.828 1.404 1.433 2.093 1.932
48.140 48.402 49.759 48.354 48542 49.663 49.657 47.758 48.062 48.089 47.406 47534
137 103 095 116 1098 112 109 101 170 144 226 253




TABLE 4.—Electron microprobe analyses and structural formulas of galena from the Drenchwater Creek area, northwestern Brooks Range, Alaska
[Analyst: Warren J. Nokleberg]

13HC

13HB

13HA

13F

13E

Sample

1b

la

Grain No.

lements (weight percent)

ajor e

M

99.668

99.791 99.663 100425 99.752 99.842 99.933 100.008 99.550 100.273 99.695 99.510 99.716 100.119 99.597
Structural formulas

100.493

Total
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dark-gray chert, and dark-gray shale are perva-
sively hydrothermally altered in areas adjacent to
keratoplyre flows, andesite sills, and mafic tuff.

(3) Sphalerite, galena, pyrite, and marcasite are
disseminated in chert that contains euhedral feld-
spar replaced by kaolinite. Textural relations indi-
cate that this replacement was penecontempora-
neous with deposition.

(4) In the metaquartzite, tiny inclusions of galena
outline growth zones in hexagonal quartz that
recrystallized from chert during hydrothermal
alteration.

(5) The sulfide minerals, volcanic rocks, tuff,
tuffaceous sandstone and siltstone, and hydro-
thermal-alteration minerals are intimately asso-
ciated along a relatively narrow stratigraphic
horizon in the Drenchwater thrust plate (pl. 1).

(6) Fluid-inclusion data indicate that the mineral-
izing fluids were around 100°C, that is, near
boiling—a temperature compatible with submarine
volcanism and mineralization.

(7) Sphalerite, galena, pyrite, and marcasite
occur only in tuff, tuffaceous sandstone, meta-
quartzite, or dark-gray chert and shale adjacent to
tuff or tuffaceous sandstone.

GEOLOGIC CONTROLS

Several major geologic controls on sulfide mineral-
ization exist in the Drenchwater Creek area. First,
sulfide deposition was stratiform and volcanogenic;
that is, deposits were formed simultaneously with or
just after sedimentation and volcanism. Second,
volcanic exhalations (including magma) and hydro-
thermal fluids mixing with and heating seawater
were the source of the mineralizing fluids. Third,
hydrothermal fluids altered the volcanic rocks, vol-
caniclastic rocks, and dark-gray chert and shale in
the Mississippian rocks of the Kagvik sequence to
such hydrothermal minerals as kaolinite, montmoril-
lonite, sericite, chlorite, actinolite, calcite, siderite,
fluorite, barite, prehnite, and quartz. And fourth,
intense deformation, including isoclinal folding,
faulting, and dismembering of formations, has
severely disrupted the former stratiform deposits.
The Drenchwater Creek sulfide deposits were prob-

TABLE 5.—Lead isotope ratios for galena from the Drenchwater
Creek area, northwestern Brooks Range, Alaska
[Analysts: Bruce R. Doe and Maryse Delevaus]

Sample ZUF-Pb/Q(NPb 2ﬂ7Pb/2[MPb ZUNPb/iIHPb
77ANK-13H Drenchwater

(lat 68°34.3' N,
long 185°41.3' W.) 18.428 15.609 38.351
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ably much more extensive before that period of intense
deformation. Similar tectonic lenses of sulfide
deposits may be present in the subsurface along
strike to the east and west of the Drenchwater Creek
area.

MODEL

The submarine volcanic origin of the stratiform
sulfide deposits is illustrated in a cartoon model (fig.
14A) that depicts penecontemporaneous sea-floor vol-
canism, hydrothermal activity, and sulfide deposi-
tion.

Gilmour (1971), Hutchinson (1973), Sillitoe (1973a),
and Solomon (1976) demonstrated that copper-zinc
volcanogenic deposits are generally associated with
ophiolite complexes and newly formed oceanic crust
in rifting environments. On the other hand, zinc-lead
(and minor copper) volcanogenic deposits commonly
occur in or are associated with more felsic calc-
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FIGURE 14.—Model for origin and deformation of stratiform sulfide
deposits in Drenchwater Creek area. A, Formation of stratiform
zinc-lead deposits in association with island-arc or Andean-type
arc volcanism. B, Intense thrust faulting, folding, and formation
of tectonic breccia and melange in rocks hosting sulfide deposits.

alkaline submarine deposits in island-arc or Andean-
type arc environments; the Kuroko deposits in north-
eastern Japan are one prominent example (Hayakawa
and others, 1974; Sato, 1974; Sato and others, 1974).
Because the igneous rocks of the Drenchwater Creek
area are keratophyre and pyroxene andesite, the
source of the magma in that area was most likely
incipient submarine Andean-type arc volcanism or,
less likely, incipient island-arc volcanism rather than
sea-floor rifting, which would yield basalt and pos-
sibly form ophiolite complexes.

During the period of Cretaceous deformation, the
Kagvik sequence, including the stratiform sulfide
deposits and associated rocks in the Drenchwater
Creek area, was intensely deformed by thrusting,
isoclinal folding, and small-scale shearing. This defor-
mation extensively dismembered the stratiform sul-
fide deposits, as illustrated in figure 14B; the two
moving trucks represent the convergent forces that
caused the deformation. Churkin, Nokleberg, and
Huie (1979) related the intense deformation of the
Kagvik sequence during the Late Cretaceous to tele-
scoping of a Mississippian continental margin, caused
in part by rifting and opening of the Canada basin
and in part by accretion of the schist belt in the
southern Brooks Range to the Kagvik sequence.

REGIONAL MINERAL POTENTIAL AND
EXPLORATION GUIDELINES

Significant potential for stratiform zinc-lead de-
posits exists in the northwestern Brooks Range.
Recent studies by Plahuta (1978), Plahuta, Lange,
and Jansons (1978), and Nokleberg, Plahuta, Lange,
and Grybeck (1979a, b) of the Red Dog Creek area,
about 120 km west of the Drenchwater Creek area,
showed that stratiform zinc-lead deposits similar to
those in the Drenchwater Creek area also occur in the
Mississippian rocks of the Kagvik sequence. In addi-
tion, Churkin and others (1978b) showed that (1) the
Kagvik sequence can be traced along a continuous
east-west-trending belt in the northern Brooks Range,
and (2) the Mississippian rocks of the Kagvik
sequence are quite favorable for zinc-lead deposits.
These relations are evident on the map of the south-
ern part of the NPRA (fig. 3), which shows: (1) the
extent of the Kagvik sequence, (2) the areas of prom-
inent iron staining in the Kagvik sequence, and (3)
the areas of significant zinc geochemical anomalies
in stream sediments. Coinciding areas of iron stain-
ing and zinc geochemical anomalies in the Kagvik
sequence were considered by Churkin and others
(1978b) as having the greatest potential for stratiform
zinc-lead deposits; these areas include Spike, Kagvik,
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Elbow, Chertchip, Sorepaw, Drenchwater, and Safari
Creeks.

In addition, we propose several guidelines to further
exploration for stratiform zinc-lead deposits in the
northwestern Brooks Range. First, because of the
stratiform nature of deposition at Red Dog Creek,
Tailleur (1970) suggested that all areas of iron
staining along the north front of the Brooks Range
should be examined for potential economic value. We
further suggest that areas underlain by the assem-
blage of dark-gray chert, dark-gray shale, and tuff in
the Mississippian unit of the Kagvik sequence should
be examined in detail, particularly in the areas of
significant zinc geochemical anomalies in stream
sediments. Second, the dark-gray chert and dark-
gray shale should be petrographically examined to
determine areas that have been substantially hydro-
thermally altered and that contain abundant, though
perhaps highly altered, volcanic fragments; such
areas should have a greater potential for sulfide
deposits formed in conjunction with hydrothermal
exhalations and submarine volcanism. Third, iron
staining should not be used as the sole prospecting
guide because sphalerite and galena, without acces-
sory pyrite and marcasite, weather to shades of dark
gray to black; consequently, every dark-gray chert
and dark-gray shale should be examined directly, or
indirectly by means. of geochemical analyses, And
fourth; because of the intensity of deformation in the
Drenchwater Creek' area, future exploration should
concentrate on detailed geologic mapping and geo-
physical or geochemical methods for locating lenses
of the original deposits.
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