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Abstract

The north-central and northwestern Brooks Range o f  Alaska hosts widespread Carboniferous 

Zn-Pb-Ag±Ba shale-hosted massive sulfide (Sedex) deposits, and Zn-Pb-Ag±Cu vein-breccia and 

disseminated sulfide occurrences. The Sedex deposits are hosted by black carbonaceous shale and 

siliceous mudstone o f the Mississippian to Pennsylvanian Kuna Formation and are spatially 

associated with minor (e.g. Red Dog) to locally abundant (e.g. Drenchwater) volcanic and 

hypabyssal intrusive rocks. The vein-breccia and disseminated sulfide occurrences show no 

obvious igneous association and are hosted by a deformed but only weakly metamorphosed 

package o f Upper Devonian to Lower Mississippian mixed continental and marine clastic rocks 

(the Endicott Group).

Textural, mineralogical, isotopic, chemical, and fluid inclusion data indicate that sulfides, 

quartz, and lesser carbonates in the Kady vein-breccia and disseminated sulfide prospect were 

deposited from slightly acidic, low salinity, carbon-destructive, relatively oxidized, low 

temperature (<250° C) hydrothermal fluids, under evolving chemical conditions (i.e. decreasing 

temperature and pressure, and increasing pH.^o*, /s 2). The lack o f known Sedex mineralization in 

the north-central Brooks Range and the presence o f  sulfide mineralization within the Endicott 

Group suggests that Kady represents the hydrothermal fluid pathway below a failed or non-existent 

Sedex system.

Trace element analyses o f volcanic rocks and 4 0 Ar/39Ar laser step-heating ages indicate the 

following geologic history for the north-central and northwestern Brooks Range: within-plate 

alkaline volcanic rocks at Red Dog and Drenchwater were emplaced from approximately 344 Ma 

to 336 Ma in a  continental extensional environment. This presumably set up an elevated 

geothermal gradient, which heated basinal fluids. Sedex mineralization is estimated to have formed 

between 337 and -314  Ma by basinal dewatering. 4 0Ar/39Ar ages o f recrystallized white mica in 

Upper Devonian sandstone adjacent to large sulfide-bearing vein-breccia zones fall within the 

independently estimated time frame for Sedex mineralization. Tholeiitic gabbro magmatic activity 

occurred around 276±15 Ma. The transition with time from within plate alkaline to tholeiitic 

magmatism suggests progressive episodic extension in a continental basin.
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Chapter 1

1 Introduction

The northern Brooks Range fold and thrust belt in Alaska consists o f a regionally extensive 

package o f predominantly sedimentary rocks of Devonian to Cretaceous age. The north-central 

and northwestern Brooks Range hosts widespread Zn-Pb-Ag mineralization including: 1) shale- 

hosted massive sulfide (Sedex) deposits (e.g. Red Dog, Lik, Competition Creek), 2) the shale and 

volcanic rock hosted Drenchwater deposit, and 3) vein-breccia ± disseminated sulfide occurrences 

(e.g. Kady, Story Creek).

Numerous geologic studies have been conducted on shale-hosted massive sulfide deposits in the 

northwestern Brooks Range including Red Dog (Moore et al., 1986, Young, 1989; Schmidt, 1996), 

Lik (Forrest, 1983), and Competition Creek (Steme et al., 1984). The Sedex deposits are hosted 

by black siliceous shale and mudstone o f the Mississippian to Pennsylvanian Kuna Formation. 

Sedex deposits form by basinal dewatering in a continental extensional setting, with sulfide ± barite 

deposition at or near the sea floor (Goodfellow et al., 1993). Sedex deposits are important sources 

o f  Zn, Pb, Ag, and Ba, and currently the Red Dog Mine in northwest Alaska is the world's largest 

producer o f zinc.

The Drenchwater massive sulfide deposit is predominantly hosted by black siliceous shale and 

mudstone o f the Mississippian to Pennsylvanian Kuna Formation. Drenchwater is the only Zn-Pb- 

Ag deposit in the northern Brooks Range occurring with a significant volume o f tuffaceous 

volcanic material and hypabyssai intrusive rocks. Based on the spatial association with volcanic 

rocks, the low copper content, and the presumed calc-alkaline composition o f the volcanic rocks, 

Nokleberg and Winkler (1982) interpreted the Drenchwater deposit to be a Kuroko-type 

volcanogenic massive sulfide deposit, formed in association with arc volcanism. This 

interpretation is inconsistent with the very low proportion o f volcanic rocks in the northern Brooks 

Range, and the continental setting implied by the Sedex deposits.

Vein-breccia and disseminated sulfide occurrences in the northwest and north-central Brooks 

Range are described only on a  reconnaissance level (Ellersieck et al., 1990; Kurtak et al., 1995; 

Kelley et al., 1997). The vein-breccia and disseminated occurrences show no obvious igneous
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association and are hosted by a deformed but only weakly metamorphosed package o f Upper 

Devonian to Lower Mississippian mixed continental and marine clastic rocks (the Endicott Group). 

A reconnaissance study by Ellersieck and others (1990) suggests that the vein-breccia occurrences 

may either be feeder zones to Carboniferous Sedex deposits, or may have formed along Mesozoic 

or post-Mesozoic faults in the Brooks Range. It is important to determine the timing and an 

appropriate mineralization model for the vein-breccia occurrences because, if  the vein-breccia 

zones are feeder zones to Carboniferous Sedex deposits, they could indicate the presence o f nearby 

economically valuable Sedex deposits.

The main objectives o f this study are to: 1) provide descriptive information on the various 

Zn-Pb-Ag mineral occurrences in the northern Brooks Range, 2) determine appropriate deposit 

models for Drenchwater and the vein-breccia ± disseminated sulfide occurrences, 3) examine the 

temporal and (or) genetic relationships, if any, between the volcanic and hypabyssal intrusive 

rocks, Sedex deposits, Drenchwater, and the vein-breccia and disseminated sulfide occurrences, 

and 4) place them within the context o f their geologic and tectonic setting.

For this study detailed deposit-scale maps were made o f the Drenchwater, Story Creek, west 

Kivliktort Mountain, Kady, and Husky vein-breccia and disseminated sulfide deposits. Rock 

samples from the Vidlee, Koiyaktot Mountain, east Kivliktort Mountain, and Safari Creek vein- 

breccia occurrences, and the Red Dog Sedex deposit were also examined. The ore and gangue 

mineralogy and textures were documented, and the physical and chemical controls on 

mineralization were investigated by transmitted and reflected light microscopy, electron microbe, x- 

ray diffraction (XRD), x-ray fluorescence (XRF), inductively-coupled plasma (ICP), fire assay, 

cathodoluminescence, isotopic (Pb, S, and O), and fluid inclusion methods. Volcanic and 

hypabyssal intrusive rocks were analyzed petrographically, by XRD, and for major, minor and 

trace elements by XRF. The ^A r/^A r laser step-heating and conventional furnace methods, Pb 

isotopes, and field relationships were used to estimate the timing o f geologic, magmatic, and Zn- 

Pb-Ag mineralizing events in the northern Brooks Range.

This dissertation contributes to the understanding o f basin-related ore deposits and the 

geologic history and tectonic setting o f the north-central and northwestern Brooks Range. It also 

demonstrates a new method for dating low temperature mineral deposits using the 4 0Ar/39Ar laser 

step-heating method.
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Chapter 21

Drenchwater, Alaska: Zn-Pb-Ag mineralization in a mixed black shale - volcanic 
environment

2.1 Abstract

The Drenchwater Zn-Pb-Ag deposit in the northwestern Brooks Range o f Alaska is unusual 

since it exhibits features characteristic o f both sediment-hosted and volcanogenic massive sulfide 

deposits, and mineralization is spatially associated with alkaline volcanic rocks.

Silicification and mineralization o f Mississippian to Pennsylvanian(?) mudstone and 

carbonaceous shale host rocks at Drenchwater occurs along strike for over 5 kilometers. A 0.1 ton 

bulk sample from a 64 meter by 46 meter (210 feet by 150 feet) outcrop o f semi-massive ore 

contains 15.2 percent Zn, 3.23 percent Pb, 0.006 percent Cu, and 59.9 g/mt Ag. Highly 

mineralized samples contain up to 5 volume percent fluorite, >2000 ppm Ba, 679 ppm Cd, 256 

ppm As, and 526 ppm Sb.

In the northwestern Brooks Range a thick, compositionally-mature sequence of Upper 

Devonian to Lower Mississippian clastic rocks underlies a Mississippian to Pennsylvanian(?) black 

shale and chert basin characterized by facies changes, minor volcanism, and several sediment- 

hosted deposits (e.g., Red Dog, Lik). Unlike the other stratiform sulfide deposits in the region, 

mineralization in the Drenchwater deposit is spatially associated with trachyte, trachyandesite and 

lesser alkali basalt and basanite nephelinite, with high Nb to Y ratios and no quartz phenocrysts. 

Clay alteration minerals within the dominantly felsic tuffaceous volcanic pile increase in 

crystallinhy toward porphyritic intrusions.

Alkaline volcanism and stratiform mineralization at Drenchwater suggest an elevated 

geothermal gradient during Mississippian to Pennsylvanian(?) time for the northwestern Brooks

1 Published as: Werdon, M.B., 1996, Drenchwater, Alaska: Zn-Pb-Ag mineralization in a mixed black 
shale -  volcanic environment: in Coyner, A.R., and Fahey, P.L., eds., Geology and Ore Deposits of the 
American Cordillera: Geological Society of Nevada, Reno/Sparks, Nevada, April 1995, p. 1341-1354.
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Range o f Alaska. Additionally, the alkaline volcanic rocks suggest an extensional tectonic 

environment at this time.

The spatial association o f  mineralization with volcanic rocks, and alteration patterns centered 

about intrusions is consistent with volcanogenic massive sulfide models. The lack o f copper and 

stringer-type mineralization, the small percentage o f high temperature alteration minerals, the 

laterally extensive silicification and mineralization, and the Zn-Pb-Fe-F-Ag metal assemblage point 

to a dominantly lower temperature basinal fluid source, more similar to that o f  a sediment-hosted 

massive sulfide model.

2.2 Introduction

Several sediment-hosted Zn-Pb-Ag deposits occur within the Mississippian to 

Pennsylvanian(?) Kuna Formation o f  the Lisbume Group throughout the northwestern Brooks 

Range o f Alaska including Red Dog (Moore et al., 1986), Lik (Forrest, 1983), and Competition 

Creek (Forrest and Sawkins, 1987). On a regional basis, volcanic rocks are a  very minor 

component o f the dominantly sedimentary basin. The only documented volcanic rocks at Red Dog 

consist o f sparse tu ff (of unknown age and original stratigraphic position) which occurs in the 

basal melange zone imbricated with Cretaceous sedimentary rocks (Young and Moore, 1987). 

Additionally, a mafic sill intrudes the Kuna Formation 12 km (7.5 miles) to the northwest, a small 

mafic plug intrudes both the Kuna Formation and the overlying Siksikpuk Formation 4 km (2.5 

miles) to the east, and two small mafic intrusions occur in the immediate vicinity o f the Red Dog 

deposit (Moore et al., 1986). Sterne and others (1984) state "the occurrence o f  expandable clays, 

particularly o f illite-smectite, in the Lik and Competition Creek deposits, suggests contributions of 

volcanic ash to the strata bracketing the ore horizons," but alternatively, Moore and others (1986) 

suggest the clays may have formed as the result o f the mineralizing process. Although these 

deposits are spatially associated with minor intrusive and extrusive (?) volcanic activity, 

Drenchwater is the only Zn-Pb-Ag deposit in the northwestern Brooks Range occurring with a 

significant volume o f tuffaceous volcanic material.

Based on the spatial association o f  mineralization with volcanic rocks, the low copper metal 

assemblage, and the presumed calc-alkaline composition o f the volcanic rocks, Nokleberg and 

Winkler (1982) interpreted the Drenchwater deposit to be a  Kuroko-type volcanogenic massive 

sulfide deposit, formed in association with arc volcanism.
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The genetic interpretation o f  the Drenchwater deposit is complicated by the fact that it exhibits 

features common to both sediment-hosted and volcanogenic massive sulfide deposits. The purpose 

o f this paper is to present new information on the Drenchwater deposit, to suggest an appropriate 

geologic setting, and to compare it to volcanogenic massive sulfide (VMS) and sediment-hosted 

deposit end-member models. End-members chosen for comparison include the sediment-hosted 

Red Dog deposit in the western Brooks Range o f Alaska, and the volcanogenic MM deposit in the 

Pelly Mountains o f Yukon, Canada (Fig. 2.1).

2.3 Geologic Investigations and Methods

This geologic study was coordinated with geochemical sampling by the U. S. Bureau o f Mines 

(Meyer and Kurtak, 1992), and a gravity survey by the U. S. Geological Survey (Morin, in Kurtak 

et al., 1995). Previous geologic and geochemical investigations in the Drenchwater area were 

conducted by Churkin and others (1978), Metz and others (1979), Jansons and Baggs (1980), 

Jansons and Parke (1981), Jansons (1982), Nokleberg and Winkler (1982), and Kelley and others 

(1991).

This paper presents the results o f  detailed geologic mapping, geochemical sampling, trace 

element analyses of volcanic units, alteration mapping, and petrographic study of sulfide 

mineralogy and textures. Geologic mapping was carried out at a  scale o f 1:2,400 in the central 

mineralized area and 1:6,000 elsewhere. A grid was surveyed over the main mineralized area to 

provide spatial control for geologic mapping and geochemical sampling. The Drenchwater area is 

partially tundra covered with low, discontinuous ridges o f outcrop and rubblecrop exposures. 

Geology was also interpreted from rock chips exposed in frost boils. The deposit has not been 

drilled or trenched.

Extrusive and shallow intrusive volcanic rock samples were quantitatively analyzed by Bondar 

Clegg using ICP for major elements, and X-ray fluorescence for trace elements. Alteration 

assemblages and patterns in the volcanic units were recorded in the field and during petrographic 

study. Fine grained alteration minerals were identified by X-ray diffraction using Cu K a radiation. 

Mineralized samples were analyzed by Bondar Clegg using atomic emission spectroscopy (ICP) 

for minor elements, quantitative analysis for percent levels o f zinc and lead, and fire assay (DCP) 

for gold. The complete geochemical results from approximately 425 rock and soil samples 

analyzed at Drenchwater are published in Meyer and Kurtak (1992).
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2.4 Regional Geology

Geologic relationships in the Brooks Range have been considerably complicated by Mesozoic 

structural deformation, which emplaced the mostly oceanic Angayucham terrane over the Arctic 

Alaska terrane o f mostly continental affinity (Moore et al., 1992) (Fig. 2.1). The Angayucham 

terrane is exposed along the southern margin o f the Arctic Alaska terrane and in several klippen in 

the northwestern Brooks Range. The Arctic Alaska terrane consists o f  three main elements; the 

North Slope subterrane, allochthonous rocks o f the northern Brooks Range, and the southern 

Brooks Range metamorphic belt. The Drenchwater Zn-Pb-Fe-F-Ag deposit occurs within the 

allochthonous portion o f the Arctic Alaska terrane and is hosted by black carbonaceous shale and 

chert o f the Mississippian to Pennsylvanian (?) Kuna Formation o f  the Lisbume Group.

Regionally the Kuna Formation is partially coeval with platform carbonate rocks o f the Lisbume 

Group, and depositionally overlies sandstones, siltstones, and shales o f  the Upper Devonian to 

Lower Mississippian clastic Endicott Group (Mull et al., 1982). It is overlain by chert and shale of 

the Permian to Jurassic Etivluk Group, as well as Cretaceous units which overlie the Etivluk 

Group.

2.5 Drenchwater Geology

Although the Drenchwater area is structurally complex, primary sedimentary, volcanic, and 

ore textures are well preserved. Conodont color alteration index determinations from sedimentary 

units in the area are less than or equal to two (maximum temperature 175°C; Johnsson et al.,

1993). The distribution o f sedimentary and volcanic rocks in the Drenchwater area is shown in 

figure 2.2. Three structural plates have been defined; the Two Cubs, Drenchwater, and Spike 

Camp thrust plates (modified from Nokleberg and Winkler, 1982). The spatial relationship 

between the thrust plates before Mesozoic deformation is unknown. The Drenchwater thrust plate 

is distinguished from the other thrust plates by the presence o f sulfide mineralization, altered 

volcanic rocks, and the high proportion o f sooty, black carbonaceous shale and siliceous mudstone. 

Permian to Mississippian portions o f the stratigraphic section are structurally repeated at least four 

times within the Drenchwater thrust plate. Thrust sheets in the southern portion o f the 

Drenchwater thrust plate are upright to the south. High angle, north-trending faults offset 

stratigraphic units, at nearly perpendicular angles to thrust plates. The contact between the
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relatively anoxic Kuna Formation and the overlying oxidized Siksikpuk Formation o f  the Etivluk 

Group is sharp. Clastic rocks o f  the underlying Endicott Group are not exposed in the immediate 

mineralized area.

In the Drenchwater region the Kuna Formation is at most 70 meters (230 feet) thick, and 

preservation o f  laminae, and the apparently high organic component suggests that anoxic or 

dysaerobic bottom-water conditions prevailed during its deposition (Dumoulin et al., 1993). In the 

Drenchwater thrust plate, the Kuna Formation dominantly consists o f  black, carbonaceous shale 

and siliceous mudstone. Mudstone and shale show distinct to diffuse laminations and have been 

bleached to varying shades o f gray where silicified. Other less abundant Kuna Formation 

lithologies include: blocky weathering, radiolarian-bearing siliceous mudstone; black siliceous 

mudstone with thin grayish-brown limestone laminae and (or) thin, white-weathering siliceous 

laminae. Additionally, a 20 meter ( 6 6  feet) thick, tan, partially-silicified, crinoidal limestone bed 

occurs in the eastern portion o f  the study area, which may represent a turbidite deposit from a 

Lisbume Group platform carbonate source area.

2.6 Volcanic Rocks

In the Drenchwater thrust plate, sedimentary rocks o f the Kuna Formation are in contact with a 

significant volume o f volcanic rocks which crop out over an east-west distance o f 5 km (3.1 miles). 

The volcanic pile may be as thick as 300 meters (980 feet) (along Discovery Creek) but is 

generally less than 100 meters (328 feet). Volcanic rocks are more abundant in the eastern half of 

the study area, and abruptly thin 200 meters (656 feet) west o f Discovery Creek (Fig. 2.2). The 

exact stratigraphic position and extent o f the volcanic rocks is uncertain due to Mesozoic structural 

deformation, and poor exposure; in many cases the units appear to be fault-bounded.

A biotite separate from the least altered, porphyritic intrusion in the central portion o f the 

Drenchwater thrust plate (number 1, Fig. 2.2) has been K-Ar dated as 319 ±  10 Ma (Tailleur et al., 

1977). This Upper Mississippian to Pennsylvanian(?) age is likely a  minimum age since biotite 

phenocrysts have been partially replaced by chlorite, resulting in argon loss. An Upper 

Mississippian to Pennsylvanian(?) age is consistent with the apparent stratigraphic position o f the 

volcanic units within the Kuna Formation.

The volcanic pile is dominantly composed o f submarine felsic tuffaceous rocks with lesser 

extrusive and intrusive compositional and textural varieties. The bulk o f the volcanic pile consists
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of light gray, medium to coarse grained, porphyritic felsic tuff, and fine grained, layered tuff. Thin 

lapilli tu ff beds, and tuffaceous sandstone composed o f angular to sub-angular volcanic and 

sedimentary rock fragments, make up a small portion o f  the volcanic pile. Three mafic units occur 

in the eastern portion o f the study area; a  dark green, chlorite-rich tuffaceous unit, and a  dark gray 

intrusion just east o f False Wager Creek occur in the Drenchwater thrust plate, and a biotite- 

pyroxene-bearing sill(?) occurs in the Two Cubs thrust plate.

At least three felsic to intermediate intrusive domes occur within, or near the felsic tuffaceous 

volcanic pile in the center o f the study area. One maroon-brown colored, relatively unaltered 

intrusive dome forms a prominently-outcropping knob within medium to coarse grained tuffs. The 

intrusion is highly porphyritic, with large phenocrysts o f carlsbad twinned K-feldspar, ptagioclase, 

dark reddish-brown biotite, tiny apatite crystals, and a relict titanium-bearing mineral (altered to 

leucoxene). Phenocrysts occur as isolated crystals and in glomeroporphyritic clusters. Notably, no 

primary quartz has been found as phenocrysts or in the groundmass. The groundmass is distinctly 

trachytic, with elongate laths o f microcrystalline feldspars in generally subparallel orientations. 

Minute crystals o f apatite and zircon are also present in the groundmass.

A second intrusive dome occurs along Discovery Creek and it is texturally, mineralogically, 

and geochemicalIy (see below) identical to the first. The intrusion occurs within a mixed volcanic 

breccia-crystal tuff unit, which fines and thins to the east away from the dome. The crystal tu ff is 

present only near the intrusion, and it fills the space between coarse grained volcanic breccia clasts. 

The crystal tuff is composed o f broken feldspar phenocrysts, angular fragments o f  apatite, and 

what appears to be relict biotite, all o f which occur floating in a  matrix o f illite which has replaced 

fine grained tuffaceous material. The volcanic breccia - crystal tuff unit is interpreted as a vent 

site for explosive volcanic activity along Discovery Creek.

The third porphyritic intrusion crops out in a low relief area to the south of, and structurally 

separated from, the central volcanic pile. The light gray-green colored intrusion is readily 

distinguished by its porphyritic texture and unusually-shaped feldspar phenocrysts (highly angular 

squares and rectangles). The feldspar phenocrysts and trachytic groundmass have been completely 

replaced by dickite and kaolinite. Biotite and an amphibole may have been present as phenocrysts 

based on relict shapes. They have been completely replaced by chlorite and epidote, and constitute 

less than three percent o f the rock. Apatite typically forms fine-grained phenocrysts, and wedge-
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shaped patches o f leucoxene suggest sphene (?) may have been present as well. A coarse grained 

volcanic breccia unit crops out on the north side o f the intrusion.

2.7 Trace Elements of Volcanic Units

Nine volcanic units in the Drenchwater area were quantitatively analyzed for their major, 

minor, and trace element contents (Table 2.1). The least altered felsic intrusive dome in the 

Drenchwater thrust plate is characterized by an unusually high alkali content and a low AI2 O3  

content. The intrusion plots in the alkaline field when plotted on an alkaline vs. sub-alkaline 

discrimination diagram, and is classified as a trachyte, using the total alkali versus silica diagram 

o f Le Maitre (1989). Since all intrusive and extrusive units in the Drenchwater area are partially 

to completely altered, major element chemical analyses questionably reflect primary magmatic 

compositions. During alteration processes, the elements Na, K and Ca are mobile, and alteration 

has variably introduced silica, carbonate and iron sulfide. Major element rock classification 

schemes depend on these elements for discriminating between rock types and so most volcanic 

rocks at Drenchwater cannot be reliably classified in this way.

To classify the altered volcanic rocks, a plot o f Zr/Ti02  vs. Nb/Y ratios (Fig. 2.3) was 

constructed (after Winchester and Floyd, 1977). Variations in the Zr/TiOi ratio between volcanic 

rocks reflect felsic to mafic compositional variations. Variations in the Nb/Y ratio are used to 

discriminate between alkaline and subalkaline rocks. The elements Zr, Ti, Nb and Y are used since 

they are relatively immobile during most alteration processes. Although the relative concentration 

o f these immobile elements may increase (due to removal of major elements), the ratios remain the 

same.

Notably, the volcanic rocks at Drenchwater are characterized by high Nb/Y ratios, and all 

units plot within the silica undersaturated alkaline field. The silica-undersaturated nature implied 

by trace element analyses is consistent with the complete lack o f  quartz as phenocrysts or in the 

groundmass o f all volcanic units at Drenchwater as well as the high alkali content.

Volumetrically, tuffaceous rocks are the most abundant component o f  the volcanic pile, and 

they plot in the trachyte and trachyandesite fields. The two porphyritic domes which intrude the 

central volcanic pile plot in the trachyandesite field. The isolated intrusion south o f the central 

volcanic pile is classified as a trachyte, and along with the fine grained layered tuffs, it is the most 

felsic unit in the area. The dark colored intrusion just east o f  False Wager Creek is classified as
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trachyandesite but it falls near the alkali basalt boundary. The thin bed o f chlorite-rich mafic tuff 

in the Drenchwater thrust plate, and the biotite-pyroxene-bearing sill in the Two Cubs thrust plate 

both plot in mafic fields o f  undersaturated basaltic composition. The geochemical similarity 

between the alkaline mafic volcanic rocks could suggest a potential Mississippian 

paleogeographical relationship between the two thrust plates.

Trace element analyses o f volcanic rocks from the Pelly Mountains and the East African rift 

have been plotted for comparison. The range o f volcanic rock trace element compositions at 

Drenchwater is most comparable to the range in volcanic rocks from the continental East African 

rift system (Price et al., 1985). As noted by Mortensen (1982), volcanic rocks in the Pelly 

Mountains are most comparable to volcanic rocks generated in rift settings. Although volcanic 

rocks in the Pelly Mountains are generally more felsic than the volcanic rocks at Drenchwater, 

rocks from both volcanic fields plot in the silica-undersaturated, alkaline portion o f the diagram. 

Additional evidence for alkali enrichment in the Pelly Mountains volcanic rocks includes primary 

riebeckite (Mortensen, 1982).

2.8 Alteration
Since different alteration assemblages and patterns are characteristic o f different ore deposit 

types, sedimentary and volcanic units in the Drenchwater thrust plate were carefully examined for 

alteration in the field, and by further petrographic and X-ray diffraction studies. Five alteration 

assemblages were defined (Fig. 2.4). Various clays, quartz, and carbonates are the most abundant 

alteration minerals within the volcanic units. Lesser amounts o f pyrite, fluorite, white mica, 

epidote, and leucoxene are also present.

Alteration patterns in tuffaceous volcanic units are centered about the two domes within the 

volcanic pile. Kaolinite is the most abundant clay mineral in the tuffaceous units, and increasing 

proportions o f the more well-ordered polytype dickite occur towards the prominently outcropping 

intrusive dome in the central map area. The intrusion is relatively unaltered in comparison to the 

surrounding tuffs, although feldspar phenocrysts have been partially altered to white mica and 

illite, and biotite has been partially altered to  chlorite. The zonation o f alteration types, and the 

relative increase in crystallinity towards the intrusion suggests heat from the intrusion contributed 

to the formation o f alteration minerals in the tuffaceous volcanic pile, or potentially the intrusion 

formed a conduit for younger hydrothermal fluids.
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The highest concentration o f illite and white mica (up to 25 volume percent) occurs within the 

volcanic breccia - crystal tu ff unit adjacent to the intrusive dome along Discovery Creek- Minor 

amounts o f illite and white mica are present within the intrusion as well. The relatively well- 

ordered crystal structures o f  illite and white mica suggest they formed at higher temperatures than 

dickite and kaolinite, perhaps in the 200°C to 250°C range. Although temperature was likely the 

main control on the formation o f  illite-white mica, the predominance o f dickite-kaolinite alteration 

over illite-mica may be a function o f the activity o f the 1C ion relative to the activity o f the 1C ion. 

Illite-white mica alteration preferentially formed within K-feldspar phenocrysts and groundmass 

sites. A small area o f  intense pyritization and silicification occurs in tuffs just east o f the intrusion.

Since volcanogenic massive sulfide deposits often have stringer type mineralization and quartz 

± white mica ±  chlorite alteration zones within felsic porphyritic intrusions, the intrusive domes at 

Drenchwater were specifically examined for alteration and mineralization. Sparse sulfide 

mineralization occurs disseminated within the isolated, porphyritic trachyte intrusion south o f the 

main volcanic pile. The intrusive dome has been dominantly altered to dickite and kaolinite, and is 

not noticeably veined by stringer-type mineralization or gangue alteration minerals such as quartz, 

white mica, or chlorite. Since this unit did not intrude a thick pile o f  tuffs, it likely cooled more 

rapidly than other domes in the area, which could explain the lack o f illite-white mica alteration. 

Other than minor pyrite, no sulfide minerals were found within the two intrusive domes within the 

volcanic pile.

Carbonate alteration is present throughout the volcanic pile but its relationship, if  any, to 

mineralization, silicification, volcanic alteration, or structures related to Mesozoic deformation is 

not clear. Minor disseminated pyrite occurs in tuffs throughout the area. Fluorite occurs within 

highly foliated, carbonate altered volcanic tuffs along Discovery Creek.

2.9 Mineralization

Laterally widespread conditions conducive for sulfide deposition are indicated by the 5 

kilometer (3 mile) east-west extent o f  mineralization in the Drenchwater area. Mineralization is 

dominantly hosted by variably bleached, black to pale gray, siliceous mudstone which occurs as a 

single, thrust-repeated horizon near the top o f  the Kuna Formation (Fig. 2.4). Intensely bleached 

siliceous horizons are useful guides for locating higher sulfide concentrations. Minor
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mineralization occurs within the black shale section exposed along Drenchwater Creek. 

Additionally, volcanic breccia units north o f the central volcanic pile, and north o f the trachyte 

dome are also silicified and mineralized. Minor disseminated mineralization occurs within the 

trachyte dome.

Sphalerite, the predominant sulfide mineral, occurs with variable amounts o f galena, pyrite, 

and marcasite, minor amounts o f fluorite, trace amounts o f barite, and anomalous Ag, As and Sb 

(present as minute sulfosalt grains within galena). Copper-bearing minerals are notably absent. 

Sulfide minerals at Drenchwater are typically very fine grained and exhibit a wide variety o f 

textures. Four types o f  mineralization have been defined on the basis o f texture and spatial 

distribution. These types are: semi-massive, disseminated, layered/diagenetic, and volcanic 

breccia cement. Representative chemical analyses for the various ore types are presented in table

2.2. The layered/diagenetic and volcanic breccia cement textures comprise only a  small portion of 

the total mineralized area.

Semi-massive sulfides crop out in a 64 meter (210 feet) wide by approximately 15 meter (49 

feet) thick exposure along Discovery Creek (Fig. 2.5). The outcrop is bounded to the east by a 

high-angle fault which offsets the mineralized horizon, and by a thrust fault to the north. A small 

gravity anomaly (Morin, in Kurtak et al., 1995) is coincident with the semi-massive sulfide outcrop 

and clearly shows the fault offset, as well as the continuation o f mineralization under tundra cover.

The semi-massive sulfide outcrop exhibits zoning (Fig. 2.5). The west end o f the outcrop 

consists o f black siliceous mudstone with sparse disseminated sulfides, in sharp contact with light 

gray, granular, hydrothermally crystallized silica rock which hosts semi-massive sulfides. The 

semi-massive sulfides exhibit diffusely layered and mottled textures and increase in grade to the 

east Further to the east, diffuse veins and patches o f  purple fluorite cross-cut and replace sulfides 

within brecciated silica rock. Barren silica rock occurs on the eastern margin of the outcrop 

adjacent to the fault. Semi-massive mineralization is much coarser grained, higher in grade, 

contains more galena than other textural types, and I interpret it to have formed proximal to the 

hydrothermal source. A 0.1 ton bulk sample from this outcrop grades 15.20 percent Zn, 3.23 

percent Pb, 0.006 percent Cu, and 59.9 g/mt Ag (Meyer and Kurtak, 1993).

Low grade disseminated type mineralization consists o f fine-grained sulfide crystals, mostly 

sphalerite, sparsely distributed within bleached and silicified, laminated gray shale and mudstone. 

Disseminated sulfides are the most common form o f  mineralization. This texture occurs laterally
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for over 5 km (3 . 1 miles), and within several o f the repeated thrust sheets within the Drenchwater 

thrust plate.

A thin, relatively high grade horizon o f layered/diagenetic type mineralization is exposed along 

the banks o f Drenchwater Creek, immediately south o f a silicified, sparsely mineralized shale unit. 

The horizon consists o f thin, alternating laminations o f sulfides and black carbonaceous shale. The 

layered/diagenetic sulfides largely formed by diagenetic growth in unconsolidated muds as 

evidenced by finely disseminated sphalerite grains with concentric iron zoning, pyrite crystals with 

numerous pyrite overgrowths, and large iron sulfide clots (up to 3 cm) displacing bedding(?). This 

mineral assemblage is cut by sparse, diffuse veins o f green fluorite. A bulk sample from this ore 

type grades 10.50 percent Zn, 0.91 percent Pb, 0.01 percent Cu, and 31.8 g/mt Ag (Meyer and 

Kurtak, 1993). Layered/diagenetic type mineralization is richer in iron sulfides (3-10 %) than the 

semi-massive sulfides (2-3 %).

In breccia type mineralization, volcanic breccia clasts are cemented and/or replaced by quartz, 

sphalerite, pyrite, galena and fluorite. The trachyte dome south o f the central volcanic pile is 

adjacent to a highly mineralized, and partially silicified volcanic breccia which contains sphalerite, 

relatively coarse grained pyrite, and minor galena. Silica has variably replaced primary volcanic 

textures, minerals, clasts, and interclast material. In areas o f intense silicification, even apatite 

phenocrysts are replaced. The volcanic breccia unit laterally grades into hydrothermally 

crystallized silica rock immediately to the west (Fig. 2.2). The volcanic breccia unit north of the 

main volcanic pile is also silicified and mineralized. Sphalerite, galena, fine to coarse grained 

pyrite and (or) marcasite, quartz, purple fluorite, kaolinite(?), and dickite occur between or as 

replacements o f  volcanic material. Permeability was likely a controlling factor in the location of 

mineralization and hydrothermal silicification within volcanic breccia units.

The isolated trachyte dome south o f the central volcanic pile shows the closest spatial 

association with mineralization (Fig. 2.4). This massive porphyritic unit weathers medium brown- 

gray, and a bright orange soil has developed where it is mineralized. Finely disseminated pyrite 

(<2 %) occurs throughout the intrusion, but is concentrated near the northwest edge. In the iron- 

stained area, sparse disseminated galena occupies the site o f  a relict mafic mineral, possibly biotite. 

The presence o f  a  highly mineralized volcanic breccia unit which texturally grades into 

hydrothermally crystallized silica rock, occurring adjacent to the trachyte dome, suggests heat from 

this intrusion helped to focus sulfide mineralization at this site.
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2.10 Comparisons

Based on their geologic features and geologic settings, the MM volcanogenic massive sulfide 

deposit in the Pelly Mountains and the Red Dog sediment-hosted deposit were selected as end- 

members for comparison with the Drenchwater deposit

World-wide, volcanogenic massive sulfide deposits associated with alkaline volcanic rocks are 

very rare. Additionally, VMS deposits typically do not occur in clastic, sediment-dominated basins 

with only a  minor volcanic component However, a number o f VMS deposits associated with 

alkaline volcanic rocks in a miogeoclinal, intracratonic rift environment have recently been 

recognized in the Pelly Mountains (Mortensen and Godwin, 1982), as well as the Clear Lake VMS 

deposit (Morin, 1981) in the SUE claim block o f  Yukon, Canada. I f  Drenchwater is a VMS 

deposit, it should exhibit features similar to these deposits. The MM deposit in the Pelly 

Mountains has been selected for comparison since more geologic information is available in the 

literature. Select features of the MM deposit are presented in table 2.3. All information on the 

MM deposit cited below is from Morin (1977), Mortensen (1982), and Mortensen and Godwin 

(1982).

The main similarities between the MM deposit and the Drenchwater deposit are their geologic 

settings, alkaline volcanic rocks, age, and the presence o f fluorite. Stratiform mineralization in 

both deposits is spatially associated with Mississippian volcanic rocks which occur within a marine 

black shale and chert basin. Both volcanic suites are dominated by intermediate to felsic 

compositions, exhibit similar petrologic textures, and their major, minor and trace element 

chemistries and mineralogy suggest they are alkaline. Given the similarities between the two 

volcanic piles and their respective geologic settings, a similar process could have generated alkaline 

magma in the two areas. Although fluorite is not reported to occur in sulfide-bearing rocks in the 

MM deposit, it does occur in syenite stocks in the area.

One o f  the main differences between the MM deposit and the Drenchwater deposit is the 

relative size o f  their volcanic piles (Table 2.3). The presence o f a much more extensive volcanic 

pile, with numerous intrusive domes and syenite stocks, suggests that the geothermal gradient and 

(or) heat flow in the Pelly Mountains was significantly higher than at Drenchwater. This may 

account for the significantly higher copper levels in the MM deposit Distal mineralization in the 

MM deposit contains 490 ppm Cu and proximal mineralization contains up to 2.3 percent Cu. The
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highest copper grade in all ore types at Drenchwater is 162 ppm Cu (Meyer and Kurtak, 1992) and 

mineralized samples typically average less than 20 ppm Cu. Alternatively, the lack o f copper at 

Drenchwater may be due to a copper-poor source area.

An additional difference between the two deposits is the type o f mineralization and alteration 

within intrusive domes. The massive trachyte that underlies the stratiform sulfide lens in the MM 

deposit is strongly fractured and veined by quartz, chlorite, pyrite, and chalcopyrite in a 1 2  meter 

(40 feet) thick stringer zone. Mineralization within the trachyte dome at Drenchwater is relatively 

sparse, occurs as finely disseminated iron, lead and zinc sulfides, and is not associated with 

copper-rich stringer veins, or typical VMS alteration minerals such as quartz, chlorite or white 

mica. Although no feeder veins are exposed at Drenchwater, a buried or erosionally-removed 

copper-rich zone cannot be ruled out.

As noted by Franklin and others (1981), volcanogenic massive sulfide deposits contain almost 

ubiquitous iron sulfides as the dominant sulfide species. Mineralization in the MM deposit 

primarily consists o f pyrite and pyrrhotite, with variable amounts o f  sphalerite, chalcopyrite and 

galena. The most common type of exhalative mineralization is a laterally extensive pyritic chert 

horizon. Barite horizons and pyritic iron formations are also associated with local disseminated, 

layered, and massive sulfide mineralization. In contrast, nearly all ore textures in the Drenchwater 

deposit are iron sulfide poor, with sphalerite being the dominant sulfide species, and barite is rare.

Alternatively, if  the Drenchwater deposit is a sediment-hosted massive sulfide deposit, it should 

exhibit features similar to sediment-hosted deposits in the western Brooks Range. Select features 

o f  the Red Dog deposit are presented in table 2.3. All information cited on the Red Dog deposit 

below is from Moore and others (1986), Young (1989), and Young and Moore (1987).

Several lines o f evidence suggest that the Red Dog and Drenchwater deposits are part o f  the 

same mineralizing event in the northwestern Brooks Range o f Alaska. Both deposits are hosted 

within the upper portion o f the Mississippian to Pennsylvanian(?) Kuna Formation. Additionally, 

lead isotopic ratios in the two deposits are identical (Church et al., 1987), which supports the 

interpretation for a  similar mineralization age and lead source. Other similarities between the Red 

Dog and Drenchwater deposits include the extensive silicification associated with mineralization, 

the order o f  sulfide mineral abundances (sphalerite > pyrite > marcasite > galena), zinc to lead 

ratios, the low iron sulfide contents (Red Dog averages 5.7 % and Drenchwater semi-massive 

sulfides averages less than 2  %), and the very low copper content.
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Other than the fact that volcanic rocks a t Drenchwater are much more abundant than at Red 

Dog, the most significant difference between the two deposits is the relative proportion o f barite. 

Barite is not concentrated above mineralization at Drenchwater, although sparse amounts o f it 

occur as disseminated grains in hydrothermally crystallized quartz (Nokleberg and Winkler, 1982) 

and in a thin (<3 cm) stratiform lens (Lueck, 1986) west o f Drenchwater Creek.

Another difference between the two deposits is the presence o f  fluorite at Drenchwater. Since 

felsic, alkaline volcanic rocks often contain elevated levels o f fluorine (Shaw, 1976), leaching of 

fluorine from the volcanic rocks at Drenchwater most likely explains this difference.

2.11 Discussion
Volcanogenic massive sulfide deposits have been shown to occur in many different geologic 

settings including mid-ocean rifts (Gass and Smewing, 1973), island arcs and their back-arc 

extensional basins (Cathles et al., 1983), rifted continental margin settings (Schmidt, 1981), and 

rifted intracratonic basins (Mortensen and Godwin, 1982). Sediment hosted massive sulfide 

deposits are thought to occur either in fault-controlled embayments in continental margins (e.g. 

Selwyn basin district) or in intracratonic rift basins (e.g. Mt. Isa, Australia) (Large, 1983; 

Goodfellow et al., 1993).

The presence o f an alkaline volcanic suite at Drenchwater has important implications for the 

Mississippian to Pennsylvanian(?) geologic environment and tectonic setting o f the northwestern 

Brooks Range of Alaska. First, trace element analyses indicate volcanic rocks at Drenchwater did 

not form in an oceanic island-arc setting as suggested by Nokleberg and Winkler (1982). Island- 

arc related volcanic rocks are typically calc-alkaline, and would plot in the sub-alkaline field in 

figure 2.3. There also is no evidence for Mississippian to Pennsylvanian(?) calc-alkaline, arc- 

related volcanism in the northwestern Brooks Range.

Typically, trachytes, trachyandesites and alkali basalts have been thought to be geologically 

restricted to either an association with the initial stages o f continental rifting or to oceanic island 

(hot spot related) fractionation suites (Winchester and Floyd, 1977). An oceanic island setting for 

Drenchwater is not reasonable based on lithologic units in the Brooks Range. Mortensen and 

Godwin (1982) have related the alkaline volcanic suite associated with the MM and other VMS 

deposits in the Pelly Mountains to the incipient formation o f an intracratonic rift.
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Alternatively, Sawkins (1990) and Goodfellow and others (1993) consider most sediment 

hosted massive sulfide deposits to be related in terms o f their lithologic setting to the advanced 

stages o f rifting. Goodfellow and others (1993) also conclude that most sediment-hosted (sedex) 

deposits formed during post-rift reactivation o f extensional structures and not during the initial 

stages o f continental breakup. They also cite a close temporal and in some cases spatial 

relationship between sediment-hosted deposits and alkaline mafic intrusions, and less commonly 

felsic extrusive volcanic rocks. The occurrence o f coeval extrusive tuffs and mafic intrusions in 

close spatial proximity to mineralization, or within the same basin, is common to well-documented 

sediment-hosted massive sulfide deposits (e.g., Rammelsberg, Howards Pass) (Gustafson and 

Williams, 1981). Sediment-hosted deposits commonly occur in thick clastic basins with minor 

amounts o f volcanic rocks, the latter often cited as evidence for an elevated geothermal gradient.

Since the Drenchwater deposit occurs within a clastic basin with several sediment-hosted 

deposits, an intracratonic or continental margin basin setting is likely. Currently the tectonic 

setting in the northern Brooks Range during deposition o f the Upper Devonian to Lower 

Mississippian clastic Endicott Group, which underlies the Kuna Formation, is poorly known. 

Therefore the alkaline volcanic rocks at Drenchwater could represent the products o f incipient 

continental rifting in Mississippian to Pennsylvanian(?) time, or the products o f post-rift 

reactivation of extensional structures.

A Mississippian to Pennsylvanian(?) age for the volcanic rocks at Drenchwater is supported by 

the apparent stratigraphic position within the Kuna Formation, and the K-Ar date. The alkaline 

volcanic rocks also indicate an elevated geothermal gradient was present at this time. Additional 

evidence for a regional elevated geothermal gradient in Mississippian to Pennsylvanian(?) time 

includes the presence o f minor tuffaceous and intrusive igneous activity throughout the Brooks 

Range basin (Robinson et al., 1989; Peace, 1979; Young and Moore, 1987; Moore e tal., 1992; 

Mayfield et al., 1982; Moore et al., 1986). The small volume o f intrusive and extrusive volcanic 

material suggests only minor extension occurred within the Brooks Range basin at this time.

A schematic reconstructed geologic model for Drenchwater is presented in figure 2.6. 

Mississippian to Pennsylvanian(?) movement along deep, basement faults provided a conduit for 

alkaline volcanic material, and metal-bearing basinal fluids to migrate upward. Tuffs in the 

volcanic pile have been intruded by, or are co-magmatic with intrusive domes. Clay alteration 

minerals increase in crystallinity towards intrusions. This suggests heat from the intrusions locally
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circulated water through adjacent tuffs (Fig. 2.6) and crystallized the clays. Silicification and 

mineralization are not spatially associated with or controlled by the two intrusions with the highest 

temperature alteration minerals. Minor disseminated sulfides occur within the isolated trachyte 

intrusion south o f  the volcanic pile.

The presence o f  a  major extensional fault zone 200 meters (656 feet) to the west o f Discovery 

Creek is supported by abrupt thinning o f volcanic exposures, the presence o f  the coarse-grained 

volcanic breccia - crystal tu ff unit which asymmetrically thins and fines to the east, and the 

presence o f an intrusive dome. I also interpret this fault zone to be the main focus of hydrothermal 

fluid flow, with semi-massive sulfide mineralization occurring along strike, peripheral to volcanic 

activity. Clay alteration minerals show no direct relationship to the fault zone. Elevated heat flow 

due to the presence o f  volcanic rocks likely contributed to basinal fluid migration.

Although there is a spatial association between mineralization and volcanic rocks at 

Drenchwater, the deposit exhibits features o f both volcanogenic massive sulfide and sediment- 

hosted deposits. Unlike Drenchwater, volcanogenic massive sulfide deposits with apparent rift 

affinities (e.g., Ambler District, southern Brooks Range, AJaska (Hitzman et al., 1986); MM 

deposit, Pelly Mountains, Yukon) contain significant quantities o f copper. The lack of copper at 

Drenchwater implies a lower temperature mineralizing process. Although a contribution o f metals 

and fluorine from the volcanic units is likely, the low temperature Zn-Pb-Fe-F-Ag mineral 

assemblage, the low temperature alteration assemblage, and the large lateral extent o f silicification 

indicates a predominantly sedimentary basinal source for the Drenchwater deposit. Although 

volcanic rocks are a  minor part o f the dominantly sedimentary Brooks Range basin, if a larger 

volcanic pile, and higher temperatures were present in the Drenchwater area, features more similar 

to the MM volcanogenic massive sulfide deposit may have formed.
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Fig. 2.1. Map showing the location and geologic context o f  Drenchwater and other Zn-Pb-Ag 
deposits in Alaska and Yukon. Geologic boundaries modified from Jones and others (1987) and 
Wheeler and others (1991).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission. Siksikpuk Formation

□

□
Palo greenish-gray siliceous 
shale, maroon and green 
shale, and green chert

Tundra cover

Kuna Formation 
Gray siliceous 
shale & mudstone 
Black shale and 
mudstone 
Gray silicified 
crinoidal limestone

Thrust plate boundaries modified from Nokleberg & Winkler, 1982

□

Light green, fine 
grained felsic tuff 
Medium to coarse 
grained felsic tuff 
Intrusive domes 
and flow (?)

Gray, silicified 
volcanic breccia 
Medium to dark 
green mafic tuff 
Dark gray mafic 
intrusion

□
0

Dark gray, massive 
mafic sill (?)

Limestone, shale, 
& dolomite 
Semi-massive 
sulfides u>

Fig. 2.2. Geologic map of the Drenchwater area. Numbers correspond to volcanic rock geochemical analyses shown in Table 2.1.



36

10.0

1.0 —

IN

O  
^  0.1 
fa.

N

0.01 -

0.001

0.01

PELLY 
MOUNTAINS

“ r
0.10

 r
1.0

Nb/ Y

~ r
10.0 100.0

Fig. 2.3. Trace element analyses o f volcanic rocks a t Drenchwater. Numbers refer to sample 
locations in Fig. 2.2 and geochemical analyses in Table 2.1. Field boundaries from Winchester 
and Floyd (1977). Pelly Mountains field from Mortensen (1982). East African rift field from 
Price and others (1985).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

300 METERS 

J 000 FEET

Layered/diagenetic 
sulfides (5266)

Intense pyrite 
alteration in tuff

Sulfides in volcanic 
breccia (5318)

Siiiceous
mudstone
(5270)

Finely disseminated 
sulfides

Alteration and mineralization:

Illite + white mica

Dickite +/- Kaolinite

Disseminated sulfides 
within intrusive dome 

(5085)

Kaolinite + quartz 

Carbonates +/- quartz +/- clay

Silica

Visible sulfides

Fig. 2.4. Alteration and mineralization map of the Drenchwater deposit. Numbers correspond to geochemical analyses w
of mineralized samples shown in Table 2.2.



38

Barren 
silica rock

Contour Interval: 10 Feet (3 Meters) Covered /

Fig. 2.5. Detailed map o f zoning in the semi-massive sulfide outcrop.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

Trace amounts of 
disseminated sulfides

Semi-massive 
sulfides

Layered - 
diagenetic 

sulfides

Fig. 2.6. Schematic model for mineralization at Drenchwater.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

Table 2.1. Major and trace element analyses of volcanic rocks spatially associated with 
the Drenchwater deposit. Sample locations shown in figure 2.2.
Sample # I 2 3 4 5 6 7 8 9

Si02(%) 64.85 60.68 63.49 7424 80.07 37.42 43.94 52.48 79.64
TiOaC/o) 0.81 0.89 0.85 0.59 0.31 1.59 2.11 1.61 0.69
Al203(%) 16.62 17.41 16.80 17.55 12.89 8.18 9.89 15.70 14.33
Fe203(%) 3.68 0.94 4.09 0.91 0.09 11.30 9.83 8.69 0.29
FeO(%) 0.65 0.10 025 025 025 6.69 6.05 3.92 0.13
MnO(%) 0.11 0.05 0.13 0.03 <.01 0.30 0.16 0.10 <.01
MgO(%) 0.48 0.35 0.30 0.06 0.08 8.86 9.86 3.54 <.01
Na20(%) 3.82 0.06 220 0.06 0.07 0.05 1.41 326 0.02
K20(%) 6.91 5.17 6.79 0.81 0.71 <.05 0.95 4.92 <.05
LOI(%)* 2.01 8.28 427 720 5.42 17.10 7.55 5.23 5.88
P205(%) 0.19 021 0.17 0.04 0.05 0.30 0.44 0.43 0.06
Ca0(%) 1.21 7.11 2.04 0.02 0.01 15.65 14.17 4.58 <.01
Nb(ppm) 104 113 105 246 206 41 37 92 122
Rb (ppm) 292 184 249 34 35 7 24 91 10
Sr (ppm) 324 180 150 104 72 167 679 1004 73
Zr (ppm) 406 480 424 762 521 123 165 341 477
Y (ppm) 36 42 33 55 28 11 16 32 48
TOTALS 101.34 101.25 101.38 101.76 99.95 107.44 106.36 104.46 101.04
TOTAL-
H-.OFREE

99.33 92.97 97.11 94.56 94.53 90.34 98.81 99.23 95.16

*LOI - loss on ignition
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Table 2.2. Representative geochemical analyses from various ore textures and rocks at 
Drenchwater. Sample locations shown in figure 2.4. Data from Meyer and Kurtak (1992).

Sample #

Semi-
massive

5328

Layered-
diagenetic

5266

Finely
disseminated

5358

Volcanic
breccia
5318

Trachyte
dome
5085

Siliceous
mudstone

5270

Zn (%/ppm) 2.19% 1 0 % 2005 2535 4933 128
Pb (%/ppm) 4.69 % 3026 304 9702 1948 1099
Ag (ppm) 4621 22.9 9.3 38.1 8.4 3.8
Cu (ppm) 36 1 0 2 17 35 15 6

Ba (ppm) 113 96 319 487 78 45
Fe (%) 2 1 0 < 1 8 < 1 < 1

Mn (ppm) 59 2 2 < 5 15 1 2 15
As (ppm) 97 156 < 5 143 25 < 5
Sb (ppm) 96 144 24 16 27 1 0

Au (ppb) 1 2 18 8 30 19 4
Cd (ppm) 153 334 13 7 2 0 < 2

Fluorite (%)* 0 . 1 -5 0.1 -0.3 0 0 - 0 . 5 0 0

* volume percent, visual estimate.
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Table 2.3. Comparison o f Drenchwater, Red Dog, and Pelly Mountains geology and 
mineralization.

DRENCHW ATER RED DOG MM
Northwestern Brooks Northwestern Brooks Pelly Mountains. Yukon
Range, Alaska Range. Alaska

Deposit Type mixed(?): sediment hosted sediment hosted volcanogenic
and VMS

Age o f Mississippian( ?) Mississippian to Mississippian
Mineralization Pennsylvanian(T)
Tectonic Setting continental marginal basin continental marginal basin rifted miogeoclinal basin 

along continental margin
Host Rocks for siliceous mudstone. siliceous mudstone, minor volcaniclastic rocks, trachyte
Mineralization carbonaceous shale, 

volcanic breccia, trace 
amount in trachyte 
intrusion

carbonaceous shale intrusion, tuffaceous shale, 
carbonaceous shale, very 
minor chert granule grit

Contemporaneous alkaline; felsic to very minor mafic intrusions alkaline; felsic to
igneous activity intermediate, very minor o f  unknown age in the intermediate, syenite stocks.

mafic, trachyandesite and general area trachyte domes.
trachyte domes. volcaniciastics
volcaniciastics

Dimensions o f 5 km E-W, N-S dimension 35 km by 25 km area; up to
volcanic pile unknown; up to 300 m 

thick, averages < 100 m
600 m thick, averages <  100 
m

Alteration in argillic. quartz, pyrite. quartz, chlorite, sericite.
volcanic rocks carbonate, minor illite- 

white mica
pyrite, carbonate, actinoiite

Gangue /  Alteration silicification silicification pyritic quartzite horizon
Metals Zn, Pb, Fe Zn. Pb. Fe, Ba Fe, Zn. Pb. Ba, Cu
Mineralogy sphalerite, galena, pyrite. sphalerite, galena, barite. pyrrhotite, pyrite. sphalerite.

marcasite. fluorite, trace pyrite, marcasite galena, barite, chalcopyrite;
barite fluorite in syenite stocks

Trace Elements Ag, Sb, (As, Ba) Ag, (Sb. As. Cu) A g  Hg
Zoning poorly developed; Z n to P b barite overlies massive Cu-rich stringer zone, higher

ratio increases away from sulfides in barite and pyrite distal to
semi-massive sulfides vent site

Ore Textures semi-massive replacement massive to semi-massive. stratiform lenses o f  massive
type, disseminated. disseminated, vein, layered sulfide and barite, stringer
volcanic breccia cement. (rare) veins
layered (minor)

Metamorphic Grade none none greenschist to lower 
amphibolite

Data References Moore e ta l., 1986; Young, 
1989

Morin, 1977; M ortensen 
and Godwin, 1982; 
Mortensen. 1982

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

Chapter 32

Geologic setting of Mississippian vein-breccias at the Kady Zn-Pb-Cu-Ag prospect: 
plumbing system for a failed Sedex deposit?

3.1 Abstract

The north-central and northwestern Brooks Range o f Alaska hosts widespread Zn-Pb-Ag 

sedimentary exhalative massive sulfide (Sedex), vein-breccia, and disseminated sulfide deposits. 

The vein-breccia and disseminated occurrences show no obvious igneous association and are 

hosted by a deformed but only weakly metamorphosed package of Upper Devonian to Lower 

Mississippian mixed continental and marine clastic rocks (the Endicott Group). The Sedex 

deposits (i.e. Red Dog, Drenchwater) are hosted by black siliceous carbonaceous shale and 

mudstone of the Mississippian to Pennsylvanian Kuna Formation. Previous studies have suggested 

that the vein-breccia zones are either Carboniferous, or were formed along Mesozoic or post- 

Mesozoic faults. This study documents a Mississippian age for the Kady vein-breccia prospect 

and investigates the physical and chemical controls on ore formation.

Early diagenetic and hydrothermal features at the Kady Zn-Pb-Cu-Ag vein-breccia prospect 

provide insights into Carboniferous basinal dewatering o f the Upper Devonian to Lower 

Mississippian Endicott Group in the northern Brooks Range, Alaska. Sulfides at Kady occur in 

several sub-parallel, quartz-dominated, linear vein-breccia zones (1-35 m wide, with a minimum 

strike length of about 800 m), which are offset by Mesozoic structures, and as permeability- 

controlled, strata-bound disseminated cements in gray sandstone over a 5 km by 3 km area. 

Sphalerite ((Zngi.5^ 9 .7, Femurs, Cdo.i-o.9 )S) is the dominant sulfide mineral, followed by galena, 

chalcopyrite, minor pyrite, trace bravoite and Ag+Sb±Pb sulfosalts, and extremely rare pyrrhotite. 

The relative proportion and volumetric abundance o f  the primary minerals varies widely within and

2  Submitted as: Werdon, M.B., in press, Geologic setting of Mississippian vein-breccias at the Kady Zn- 
Pb-Cu-Ag prospect: plumbing system for a failed sedex deposit?: in Riehle, J.H., and Kelley, K.D., eds., 
Geological Studies in Alaska: U.S. Geological Survey Professional Paper.
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between vein-breccia zones. Main stage quartz+sulfide (±late caicite) vein-breccia zones cut rare 

early ankerite and siderite veins. Sulfides and quartz precipitated during a steep drop in 

temperature, possibly during the change from Iithostatic to hydrostatic pressure during extensional 

faulting, from a relatively low temperature (less than or equal to 250° C), slightly acidic, carbon- 

destructive hydrothermal fluid. Textural and mineralogical data indicate that sulfides and quartz 

were deposited under evolving chemical conditions (i.e. increasing p H ,/0 2 , and_/s2).

The lack of known Sedex mineralization in the north-central Brooks Range suggests that Kady 

represents the hydrothermal fluid pathway below a failed or non-existent Sedex system. Although 

early diagenetic processes within the Endicott Group were favorable for the mineral-destructive 

release o f base metals from detrital minerals, base metals were not transported and deposited in 

overlying shales, but rather, were deposited within the Endicott Group. Unfavorable conditions 

may have existed for Sedex deposit formation above the Kady prospect including one or more 

combinations of the following: boiling above the level of the vein-breccia system leading to rapid 

precipitation o f base metal sulfides in the vein-breccias, dispersion o f buoyant low salinity metal- 

bearing fluids (if they reached the sea floor) such that metals would not be deposited and 

accumulated in massive amounts, and a short lived low temperature system.

3.2 Introduction
The Kady Zn-Pb-Ag-Cu vein-breccia and disseminated sulfide prospect is located in the 

southwestern part o f the Killik River Quadrangle in the north-central Brooks Range, Alaska (Fig. 

3.1). Kady is located within Gates o f the Arctic National Park near the headwaters of a tributary 

to Outwash Creek, at latitude o f 6 8 ° 12' N and longitude 154° 58' W in T32N, R17E.

Numerous Zn-Pb-Ag vein-breccia and disseminated sulfide occurrences were discovered in the 

northern Brooks Range during reconnaissance studies by the U.S. Bureau o f Mines and U.S. 

Geological Survey in the 1970's to I990’s (e.g. Jansons and Parke, 1981; Jansons, 1982; Meyer 

and Kurtak, 1992; Kelley and others, 1997). These vein-breccia and disseminated sulfide 

occurrences are hosted by arenaceous, mixed continental-marine clastic rocks o f the Upper 

Devonian to Lower Mississippian Endicott Group, and extend from the western Brooks Range near 

Red Dog, eastward to the Killik River Quadrangle. The Kady prospect was discovered in 1985 by 

tracing stream-sediment geochemical anomalies to their source (Duttweiler, 1987).
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Mineralized rocks at Kady occur within the Endicott Mountains allochthon, a regionally 

extensive package o f  predominantly sedimentary rocks o f Devonian to Cretaceous age, which are 

part o f the Brooks Range fold and thrust belt. Two tectonic events o f significance have been 

recognized within (or have affected rocks of) the Endicott Mountains allochthon; Mississippian to 

Pennsylvanian(?) extension, and compression during the Late Jurassic to Early Cretaceous 

Brookian Orogeny. Extension during Mississippian to Pennsylvanian(?) time in the northern 

Brooks Range is suggested by abrupt facies changes and inferred normal faults (Moore and others, 

1986), shale-hosted stratiform or sedimentary exhalative (Sedex) massive sulfide deposits (Moore 

and others, 1986; Forrest, 1983), and regionally extensive, but volumetrically minor, volcanic 

tuffs and intrusions within Mississippian to Pennsylvanian age units (Werdon, 1996; Mull and 

Werdon, 1994). Alkaline volcanic rocks at the shale-hosted Red Dog and Drenchwater massive 

sulfide deposits have 4 0Ar/39Ar plateau ages ranging from 343 M a to 336 Ma (Werdon and others, 

1998). Northward emplacement o f  allochthons during the Mesozoic Brookian Orogeny is related 

to convergence between the continental Arctic Alaska terrane and the interior of Alaska (Moore 

and others, 1994).

A reconnaissance study by Ellersieck and others (1990) has suggested that the vein-breccia 

occurrences may either be feeder zones to Carboniferous Sedex deposits, or may have formed 

along Mesozoic or post-Mesozoic faults in the Brooks Range. Although the Zn-Pb-Ag 

geochemical signature and relative stratigraphic position o f the vein-breccia occurrences suggests 

they may be genetically related to the Sedex hydrothermal event, previous studies have not 

provided evidence documenting a Carboniferous age for the vein-breccia occurrences. The timing 

o f Sedex and vein-breccia mineralization in the northern Brooks Range has recently been 

investigated by the 4 0Ar/39Ar laser step-heating method (Werdon and others, 1998). Volcanic tuffs, 

breccias, and small intrusions at Drenchwater have been cut and partially replaced by sulfide 

mineralization (Werdon, 1996). Biotite from the intrusions provides an estimate o f the maximum 

age for the Sedex mineralizing event A 3-m-thick, hydrothermal white mica-altered igneous 

sill(?), which intrudes the Ikalukrok unit o f  the Upper Mississippian to Pennsylvanian(?) Kuna 

Formation, was also dated from the south side o f  the main Red Dog deposit. The igneous sill(?) 

consists o f  intergrown fine grained white mica, clay(?), and granular quartz, and it is cut by 

hydrothermal quartz ± sphalerite ±  pyrite ± galena ± white mica veins. The plateau age o f  this 

whole rock sample records the time at which temperatures cooled below the argon closure
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temperature o f hydrothermaUy-produced white mica (interpreted as representing the late stage o f 

the hydrothermal system). The biotite from Drenchwater and the white mica from the sill(?) at Red 

Dog suggest the maximum and minimum age limits for the Sedex mineralizing event are 

approximately 337 Ma and about 314 Ma respectively (Werdon and others, 1998).

Recrystallized detrital white mica from sandstone adjacent to a quartz-sulfide vein at Kady was 

also dated by the 4 0 Ar/39Ar laser step-heating method (Werdon and others, 1998). Plateau ages o f 

324 ± 2 Ma and 325 ± 2 Ma, and an isochron age o f 324 ±  3 Ma were obtained from three whole 

rock sandstone chips from the same hand specimen. Although these dates fall within the 4 0Ar/39Ar 

timing constraints for the Carboniferous Sedex mineralizing event, it could be argued that the ages 

represent a regional heating event if the field and petrographic data suggest that mineralization at 

Kady did not occur during Carboniferous time. In addition, lead isotopic compositions of galena at 

Kady (Gaccetta and Church, 1989; Werdon, 1998) are statistically indistinguishable at 2a  from 

those o f  galena in the shale-hosted Red Dog, Lik, and Drenchwater massive sulfide deposits 

(Gaccetta and Church, 1989). The isotopic similarity suggests a similar source for the lead in 

these deposits and it suggests, but does not require these deposits to be the same age, since lead 

isotopic ratios do not change when physically remobilized.

The data presented in this paper document that the mineralization at the Kady vein-breccia 

prospect is Carboniferous in age. The physical and chemical controls on ore formation are also 

discussed. Unlike most vein-breccia occurrences in the northern Brooks Range, the Kady prospect 

is well exposed and the geologic and structural relationships are clear. The lack o f extensive 

weathering allowed detailed examination o f the mineralized zones, and determination o f the 

composition, cementation, diagenetic history, and hydrothermal alteration o f the host rocks. 

Investigation o f  the host rocks was undertaken to 1) evaluate the local Endicott Group’s potential 

as a source o f  Zn, Pb and Cu, 2) characterize wall rock alteration adjacent to the vein-breccia 

zones, and 3) investigate the stratigraphic controls o f both disseminated and vein-breccia 

mineralization. The lack o f known Sedex mineralization in the Killik River Quadrangle suggests 

the Kady prospect represents the hydrothermal fluid pathway below a failed or non-existent Sedex 

system. Kady provides a good opportunity to examine why Sedex mineralization may not have 

formed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

33 Methods
Geologic and structural mapping o f the Kady area was conducted at a scale o f  1:15,840 during 

19 days in the field. The size, texture(s), and mineralogy of each vein-breccia and disseminated 

sulfide zone was recorded. Forty-five doubly-polished thin sections o f  vein and breccia textured 

ore were examined by transmitted and reflected light petrography. Eight doubly-polished, 30 

micron thin sections of sphalerite were quantitatively analyzed for Zn, Fe, Cd, Mn and S using the 

University o f Alaska Fairbanks Cameca electron microprobe. Standards used for calibration 

include: MnS (Mn, S), Fe^n^oS (Fe), and CdSZnS (Cd, Zn). Analytical operating conditions 

include an accelerating potential o f 25 keV, a beam current o f 20 nA, and a beam diameter o f 1 p. 

Weight percent analyses were converted to mole percent. Additionally, the sphalerite color for 

each point was recorded.

Selected hand samples o f visibly mineralized rocks at Kady were analyzed for major and trace 

elements by ICP atomic emission spectroscopy, and rocks suspected o f containing elevated levels 

o f Ag, Zn, Pb and Cu were analyzed by fire assay (Meyer and Kurtak, 1992). All Au analyses 

were determined by the fire assay method. Several pulps from this data set were also analyzed for 

trace elements by X-ray fluorescence (XRF) to confirm suspected interference problems (discussed 

in text). Interference problems in fire assay analyses for Au occurred in samples that contain 

greater than 2 percent Pb.

Sphalerite, galena, chalcopy. ite and pyrite separates were made by cutting out selected areas 

with a trim saw, crushing to between 30 and 100 mesh, washing, and then hand picking grains 

under high magnification to minimize contamination between phases. Sulfur isotopic analyses for 

sphalerite, galena, chalcopyrite, and ore-stage pyrite are reported as per mil variations with respect 

to the Canyon Diablo iron meteorite. Samples were analyzed by Geochron Laboratories, Inc., 

Cambridge, Massachusetts and have analytical uncertainties of ± 0.2%o at 2a.

Hydrothermal quartz separates were made by cutting out selected pieces o f quartz from both 

vein and breccia textured, sulfide-bearing samples. Oxygen isotopic compositions obtained from 

hydrothermal quartz are reported as per mil (%o) variations o f I8 0 / I6 0  with respect to standard 

mean ocean water (SMOW). Samples were analyzed by Dr. K.L. Shelton, University o f Missouri 

Columbia and the analytical precision is generally better than ± 0.1 %o at la .
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Approximately 115 clastic rocks and their cements at Kady were examined petrographically, 

by electron microprobe energy dispersive spectroscopy (EDS), and by cathodoluminescence (CL) 

(operated at 20-25 keV). The results are summarized in appendix 1.

Fluid inclusion temperature and salinity data were obtained from vein quartz at Kady. The 

individual analyses are presented in Werdon (1998), along with a complete description o f the 

samples, sample locations, and analytical methods.

3.4 Geology and Structure of the Kady Area
Stratigraphic units in the Kady area are part o f the Lower Mississippian to Upper Devonian 

Endicott Group, which includes the Hunt Fork Shale, Noatak Sandstone, Kanayut Conglomerate, 

and Kayak Shale. The Hunt Fork Shale is exposed along a fault separating a south-dipping 

upright section o f Noatak Sandstone to the south from an overturned, south-dipping section o f  the 

Noatak Sandstone to the north (Fig. 3.2). The Hunt Fork Shale consists o f brown, fine-grained, 

carbonate-cemented sandstone interbedded with variably micaceous, grayish black, compact to 

fissile shale. The Hunt Fork Shale served as a large-scale detachment surface in the Kady area; 

therefore, stratigraphically underlying units are not present. The thickness o f the Hunt Fork Shale 

is difficult to determine since it is typically structurally thickened or thinned, but it is estimated to 

be greater than 500 m in the Kady area (Mull and others, 1994).

The lower part o f the Noatak Sandstone is exposed in the core of several anticlines (Fig. 3.2). 

The lower part o f the Noatak Sandstone in the Kady area consists o f interbedded red-brown to 

black shale, red-brown siltstone, brown, fine to medium grained calcareous sandstone, and lesser 

orange-brown sandy limestone. It is characterized by distinctive, manganese oxide-coated, 

carbonate rip-up clast layers (intra-formational lithoclast conglomerates) within calcareous 

sandstones, and small (less than 2 cm) brachiopods. The brachiopods are similar to brachiopods in 

Devonian units elsewhere in the northern Brooks Range (R. Blodgett, pers. comm., 1993). The 

thickness o f the lower part o f the Noatak Sandstone is estimated to be approximately 50 m, and it 

is depositionally overlain by the upper part o f the Noatak Sandstone.

The upper part o f the Noatak Sandstone in the Kady area is a light greenish-brown, medium- 

grained, thin wavy-bedded to cross-bedded to massive, partially to completely carbonate-cemented 

sandstone (Fig. 3.3.4). It is characterized by patchy poikilitic carbonate cement, calcareous 

concretions (up to 30 cm in diameter) (Fig. 3.35), thin black shale flasers, variably micaceous
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partings, and small patches o f disseminated pyrite (Fig. 3.3C). The thickness o f  the upper part o f 

the Noatak Sandstone is estimated to be about 170 m. The carbonate cement content decreases as 

the Noatak Sandstone grades upward into the Kanayut Conglomerate.

The Kanayut Conglomerate in the Kady area consists o f interbedded gray sandstone, red- 

brown siltstone and shale, and minor calcareous sandstone and quartz-chert-pebble conglomerate.

It contains occasional limonite rip-up clasts, carbonaceous plant fragments, thin coal beds and 

inter-granular carbonaceous material which highlights bedding within sandstone. The gray 

sandstone at the base o f the Kanayut Conglomerate is a  distinctive marker bed; it forms massive, 

prominently outcropping ridges covered by black lichens. The gray sandstone is dominantly 

quartz-cemented (generally less than or equal to 5 percent carbonate cement), and contains fining- 

upward sequences (Fig. 3.3D), trough cross bedding, planar bedding, and minor, thin conglomerate 

beds (pebbles up to 4 cm in diameter; average less than or equal to 2 cm) (Fig. 3.3E). Thinner, 

erosion-resistant gray sandstone layers are interbedded with reddish-brown siltstone, maroon to 

black shale, and conglomerate in the upper half o f  the Kanayut Conglomerate. The thickness o f 

the Kanayut Conglomerate is estimated to be about 300 m. The Kayak Shale depositionally 

overlies the Kanayut Conglomerate but it was not examined as part o f this study.

Sedimentary rocks o f  the Endicott Group are complexly and spectacularly folded and faulted in 

the Kady area. The initial stages o f Mesozoic compression produced kilometer-scaie folds (open 

and overturned antiforms and synforms; Figs. 3.2, 3.3F). The axes o f the folds trend roughly 

N75°E, and their axial planes dip moderately to steeply to the south. A distinctive, west-plunging 

monocline occurs on the south flank o f  the large anticline in the central map area (Fig. 3.3G). A 

structural cross section through the Kady area (Fig. 3.4) shows the relatively incompetent Hunt 

Fork Shale overlain by the Noatak Sandstone and the sandstone-dominated lower part o f  the 

Kanayut Conglomerate, which form a relatively competent layer. Incompetent shale-rich units in 

the upper Kanayut Conglomerate are structurally thickened and internally folded within the cores 

o f anticlines. Continued compression produced thrust faults subparallel to fold axes and a 

conjugate set o f reverse faults. Offset on thrust faults in the Kady area is on the scale o f  a few 

hundred meters or less.

The Mesozoic structural style varies significantly from east to west. For example, the major 

anticline north o f the monocline is overturned on its eastern end (Fig. 3.2). To the west, the 

anticline progressively changes into an open fold, an open fold with an M-shaped core, and on the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

western end one limb is overturned and faulted away. Two NNW-trending high angle faults in the 

southern half o f  the map area (Fig. 3.2) separate areas with different structural styles.

A late, east-trending normal(?) fault is present in the northern half o f  the map (Fig. 3.2). This 

fault is parallel to Mesozoic thrust faults, and could also be interpreted as a thrust fault with 

younger-over-older style displacement. One NNW-trending fault in the northern map area offsets 

the east-trending fold and fault structures.

3.5 Mineralization

3.5.1 Distribution and field description of sulfide mineralization
The Kanayut Conglomerate is the main host for vein-breccia and disseminated sulfide 

mineralization at Kady, with lesser amounts occurring in the Noatak Sandstone. Sulfide minerals 

include sphalerite, galena, chalcopyrite and minor pyrite. Most mineralization occurs within a  sub

parallel set o f vein-breccia zones which strike approximately N25°W and dip steeply west (Fig. 

3.5). Vein-breccia zone U is the widest (up to 37 m) and highest grade mineralized zone (Fig. 3.6.4 

and 3.6B). Vein-breccia zones B-C-E-F-G and L-K-H are interpreted to be formerly continuous 

and sub-parallel systems (Fig. 3.6C). Both vein-breccia zones terminate at the Mesozoic thrust 

faults which bound their north and south sides, and the apparent changes in strike in part reflect 

topographic variations. Vein-breccia zone B-C-E-F-G is offset approximately 12 meters along a 

small normal fault near C, and there is a thrust fault between F and G, and K and H. This 

structural evidence supports the interpretation that the vein-breccia zones were present before 

Mesozoic deformation. Vein-breccia zones U-V, M, P and possibly A (Fig. 3.5) are also part o f 

this sub-parallel set. Vein-breccia zones with approximately east-west orientations include D, AB, 

AC, and a small breccia zone near E (Fig. 3.5). Vein-breccia zone D is parallel to the fold axis o f 

an anticline, and its orientation may suggest minor sulfide remobilization accompanied Mesozoic 

deformation.

Although most vein-breccia zones have an overall linear strike orientation, one vein at H is 

slightly folded (Fig. 3.6D). Other veins at H occur in thin, sheeted vein sets (Fig. 3.6E), or pinch 

out and are cut by late faults with minor slip (Fig. 3.6F). Most veins at Kady are wider in brittle 

sandstone units and pinch out or disappear entirely in less competent shale units. The vein-breccia 

zones cross bedding at steep angles and are roughly perpendicular to the axial traces o f large-scale
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Mesozoic folds and thrust faults (Fig. 3.5). The approximately N55°E trend is the extensional 

direction in the Mesozoic contractional event and could be interpreted as evidence for vein 

formation during or after Mesozoic deformation. The offset o f Mesozoic fold axes along several o f 

the western vein-breccia zones (Figs. 3.2, 3.5) could either be interpreted as evidence for vein 

formation after Mesozoic deformation, or that Carboniferous mineralized zones acted as planes of 

weakness during Mesozoic deformation. Sheeted quartz veins at S are cut off by a later, inferred 

Mesozoic fault. Mineralization has been variably deformed depending upon the competency of the 

host rock, degree o f wall rock silica flooding, and the location within a given structure. Quartz- 

sulfide mineralization is often cut by penetrative cleavage, joints, and (or) stylolites.

Gray sandstone within the Kanayut Conglomerate contains sparse disseminated sphalerite and 

galena (generally less than 0.1 percent Zn+Pb), both adjacent to and distal from the vein-breccia 

zones (Fig. 3.5). Sulfide-bearing sandstone is recognized in the field by its bleached, relatively 

light gray color, iron staining (pale yellow to light orange-red), highly reflective euhedral 

crystalline quartz faces inside pore spaces, and high porosity. Disseminated pyrite is sparsely 

distributed throughout the Kanayut Conglomerate and Noatak Sandstone but its relationship (if 

any) to mineralization is unclear.

3.5.2 Texture and mineralogy of individual vein-breccia zones
Individual vein-breccia zones vary in texture, width and mineralogy (Fig. 3.6). Textural 

variations include faulted host rock blocks (up to 2 0  m in vein U) cut by thin veins, host rock 

breccias cemented by sulfides and quartz (Fig. 3.6G), symmetrical veins, veinlets, and complex 

sulfide-in-sulfide breccias (Fig. 3.6H). Most breccia clasts are host rock fragments, but clasts of 

vein-type sphalerite in sandstone (up to 25 cm in diameter) occur in vein T (Fig. 3.61). Host rock 

breccias contain clasts that were tom from adjacent wall rocks and subsequently rotated and 

removed from their original locations. Vein S contains an unusual breccia with inversely size- 

graded, rotated clasts which is evidence for locally high fluid flow rates (Fig. 3.6J). A folded vein 

in area W has a tension gash that is symmetrically zoned with early brown sphalerite and late 

quartz. Sandstone along the margin o f the vein is sheared and there are peripheral barren quartz 

veins. The largest vein-breccia zones commonly have peripheral barren quartz veins and quartz- 

cemented host rock breccias.
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The relative proportions o f the sulfides and their paragenetic sequences vary widely from vein 

to vein, and within single vein-breccia zones. Locally, vein-breccia zones contain up to 50 percent 

sulfides. If  the entire length o f the vein-breccia zones is considered (including barren quartz 

zones), the maximum sulfide content is less than 20 percent. Areas G, K, L, M, N, and Q average 

less than 1 percent sulfides. Sphalerite is the dominant sulfide mineral at Kady, followed in 

abundance by galena. Chalcopyrite is generally minor, but in vein-breccia zone B it is abundant 

(up to 10.9 percent Cu), and constitutes up to 98 percent o f the sulfide present over a  2 m by 20 m 

area. The highest Zn and Pb grades occur in vein U, and the highest concentrations o f Cu occur in 

the B, H and R veins. Pyrite occurs in significant quantities only in the R and B veins. Rare 

submicroscopic grains of pyrrhotite occur within sphalerite in vein D, along with minor pyrite. 

Minor compositionally zoned pyrite and bravoite occur in vein U. Sulfosalts occur in trace 

amounts as microscopic blebs within galena.

Gangue minerals include abundant quartz, minor calcite, trace siderite and ankerite, and very 

rare chlorite. Vein quartz is usually crystalline and growth zoned, but occasionally is dendritic, 

and there is an unusual area o f chalcedonic banded quartz in vein D. Calcite, if  present, always 

forms the paragenetically latest cement in the center o f veins and breccias. Calcite is 

volumetrically most abundant in veins which cut carbonate-cemented sandstone, which suggests 

wall rock interaction buffered vein fluid chemistry (pH). It also occurs in sharp-edged veins that 

cut a sphalerite-cemented sandstone breccia in area C. Rare siderite and ankerite veins are 

paragenetically earlier than quartz-sulfide veins, and only contain sulfides in area H. Siderite, 

ankerite, and calcite also occur in veins and breccias not spatially associated with quartz veins or 

sulfide mineralization. Gangue minerals developed in wall rocks due to reactions with mineralizing 

fluids include siderite, ankerite, and recrystallized white mica.

Supergene weathering o f  a chalcopyrite-quartz vein at H has leached copper from chalcopyrite 

and precipitated malachite and minor azurite on top o f calcite and quartz. Secondary azurite and 

malachite are also intergrown with zinc carbonate and limonite in a sandstone breccia near H.

3.5-3 Sphalerite descriptions and compositional variations
Sphalerite is the most common sulfide mineral at Kady and it occurs throughout the 

paragenetic sequence o f different vein-breccia zones. Most sphalerite is a dull to vitreous, medium 

brown color in outcrop, with minor local resinous yellow sphalerite. In doubly polished thin
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sections sphalerite colors range from clear through shades o f yellow, orange, reddish-orange, and 

dark reddish-orange, to an almost opaque black. The black sphalerite is actually light to medium 

yellow under high magnification, and the apparent black color is due to abundant microscopic 

inclusions o f  chalcopyrite. Pale yellow sphalerite rarely contains small, grayish-brown intensely 

growth zoned areas. Yellow and orange are the predominant colors in most sphalerite samples. 

Vein sphalerite is typically color-banded parallel to growth zones. Sphalerite in breccia-textured 

ore is intergrown with quartz and may be color banded (either around sandstone clasts or as broken 

fragments o f growth zoned sphalerite veins; Fig. 3.7A), irregularly zoned (Fig. 3.75), sector zoned 

(Fig. 3.7C), patchy, and (or) uniform in color.

Sphalerite exhibits a range in composition (Zn8 1 5 ^ 9 7, Feo.i.n* Cdo.i-o.9)S but most sphalerite 

falls within the compositional range (Zn^ojj&o, F e ^ o ,  Cdo.W7)S (table 3.1). Most sphalerite did 

not contain Mn above the lower detection limit o f 0.05 mole percent MnS at 2a. Variation 

diagrams for mole percent CdS vs. FeS and mole percent FeS vs. sphalerite color (Fig. 3.8) show 

the variety o f  sphalerite types and zoning. The color varies from clear to light yellow (0-2 mole 

percent FeS) through dark reddish orange (14-18 mole percent FeS), and is directly proportional to 

the iron content o f the sphalerite.

Kady sphalerites fall into three different compositional groups (Fig. 3.8). In group 1, 

sphalerite CdS values are highly variable, FeS values are uniformly low, and CdS does not vary 

with FeS. Sphalerite in vein H and late sphalerite in vein U occur in group 1. In group 2, 

sphalerite CdS values increase with FeS, and FeS values are less than 10 mole percent. The wide 

spread o f  values for vein R (Fig. 3.8) may be due to redistribution o f iron in sphalerite during 

extensive replacement by chalcopyrite. In group 3, sphalerite CdS values vary with FeS values but 

with a shallower slope than group 2 sphalerite. Sphalerites in group 3 also have higher FeS values. 

The three groups merge at low CdS and FeS values (Fig. 3.8). The variety o f sphalerite 

compositions may reflect varying chemical conditions in different parts o f the Kady vein-breccia 

system.

In veins D and U, sphalerite changes from early, relatively high iron sphalerite to late, low iron 

sphalerite (Figs. 3.7D, 3.8). This paragenetic change also occurs in sphalerite in vein AA. The 

paragenetically early, high iron, dark reddish-orange sphalerite in vein D contains isolated, rare 

submicroscopic grains o f pyrrhotite, and minor pyrite. Pyrite also occurs within quartz adjacent to 

the high iron sphalerite, but is not present within the paragenetically late, low iron, clear to light
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yellow sphalerite. This paragenetic evidence indicates that the sulfidation and oxidation state 

increased as sphalerite deposition progressed in vein D. The early high iron sphalerite is separated 

from the late low iron sphalerite by dendritic quartz (Fig. 3.7E), suggesting rapidly decreasing 

temperature conditions. Assuming sphalerite (maximum 17.9 mole percent FeS), pyrite and 

pyrrhotite last equilibrated between 150° and 250° C, a maximum pressure o f  about 1.1 to 1.3 

kilobars is calculated for sulfide deposition at the Kady prospect (Toulmin and others, 1991).

3.5.4 Major and trace dement composition of mineralized rocks
Kady is predominantly a Zn-Pb-Cu-Ag prospect, but variable amounts o f  Ni, Co, Sb, As, Cd, 

Fe, Sn, and Au also characterize mineralized rock samples (Meyer and Kurtak, 1992). Kady is 

geochemically similar to the other vein-breccia occurrences in the northern Brooks Range (Meyer 

and Kurtak, 1992), but Kady contains significantly more copper (up to 10.9 percent) (Fig. 3.9). 

Chalcopyrite is the only primary copper-bearing mineral observed in thin section (Figs. 3.7F  and 

3.7G). High Zn and Cd values reflect the high sphalerite content o f most veins, and there is a 

direct correlation between the two elements. Co (up to 230 ppm) and Ni (up to 251 ppm) values 

reflect the presence o f minor pyrite and bravoite. Minor Co and Ni also occur with iron sulfide in 

the Red Dog deposit, and other vein-breccia occurrences in the northern Brooks Range (Meyer and 

Kurtak, 1992; Kelley and others, 1997). Sb-Ag (± Pb) sulfosalts (identified with energy 

dispersive spectroscopy) are found within galena, and there is a direct correlation between Ag and 

Sb in most samples. The scatter may be due to stoichiometric variations and (or) the substitution 

o f Pb into the sulfosalt structure. Ba is not common in most veins (< 250 ppm) but sample 5604 

(vein F) contains 875 ppm Ba (Meyer and Kurtak, 1992). Barite was not observed at Kady.

Rocks from vein-breccia occurrences in the northern Brooks Range show detectable levels of 

Te, Bi, Mo, and W in ICP analyses (Meyer and Kurtak, 1992), elements which are not generally 

associated with sediment hosted sulfide deposits (Goodfellow and others, 1993). These element 

concentrations correlated unusually well with Zn, Cu, and (or) Pb (e.g. Zn-W; R2  = 0.999), 

particularly in samples in which Zn, Pb, and Cu approached or exceeded their ICP saturation limits 

(2 percent Zn, 2 percent Cu, 1 percent Pb). I interpret that interference in spectral lines caused 

false concentrations and therefore the Te, Bi, Mo, and W values are spurious. XRF analyses of 

several pulps from this data set verify the lack o f Bi and Mo, but interference problems were also
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encountered in the XRF analyses between Pb and Bi and Mo in a sample containing about 60 

percent Pb (Werdon, 1998).

Relatively high levels o f Sn, As and Au were also reported in ICP analyses (Meyer and 

Kurtak, 1992), and in emission spectrographic data (Duttweiler, 1987), and Sn was reported in 

XRF analyses (Werdon, 1998). Sn values occur within veins with high Zn ICP analyses, and there 

is a weak correlation between the elements. No Sn or As bearing minerals were observed in 

polished thin sections.

3.6 Isotopic Work
3.6.1 Sulfur isotopes

Sulfur isotopic values (table 3.2) obtained for sulfides from vein-breccia zones W and R were 

used to estimate the temperature of sulfide deposition using the sulfur isotopic thermometer 

equations o f Ohmoto and Rye (1979). Sulfur isotope geothermometry, based on the fractionation 

of sulfur isotopes between different sulfur-bearing compounds, assumes that equilibrium was 

obtained and preserved between two co-precipitated minerals. Sphalerite and galena in vein W are 

texturally intergrown and are interpreted to be co-precipitated. If isotopic equilibrium is assumed, 

the sulfide pair indicates a  temperature of 209° ± 25° C during sulfide deposition. In vein-breccia 

zone R, sulfides occur in a complex breccia texture. Paragenetically early pyrite and sphalerite are 

overgrown by growth zoned quartz. Paragenetically late galena, chalcopyrite and quartz fill 

interstitial space left over between the pyrite-sphalerite-quartz clasts. If equilibrium at each stage 

is assumed, the early pyrite-sphalerite pair indicates a temperature o f 251° ± 50° C, and the late 

galena-chalcopyrite pair indicates a temperature o f 162° ± 35° C.

3.6.2 Oxygen isotopes
Quartz was selected for oxygen isotopic analyses from both vein and breccia textured samples 

at Kady (table 3.3). Reliable oxygen isotope compositions o f  ore-forming fluids are difficult to 

obtain from direct fluid inclusion extraction procedures because ore-forming fluids trapped in 

primary fluid inclusions can be contaminated by secondary fluid inclusions trapped during 

deformation. The oxygen isotope composition of hydrothermal solutions can, however, be 

determined from quartz-water fractionation factors using fluid inclusion homogenization
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temperatures and measured 5 180  values o f  hydrothermal quartz. Fluid inclusion analyses from 

primary, two phase (water-vapor) fluid inclusions indicate vein quartz at Kady was deposited from 

< 6  equivalent weight percent NaCl fluids at homogenization temperatures between 100° and 145°

C (not pressure corrected), and there is no evidence to suggest boiling (Werdon, 1998).

The 8’®0 data from quartz (S^Oqn) (sample U-2), and primary fluid inclusion homogenization 

temperatures in vein U are used to calculate the oxygen isotope composition o f the hydrothermal 

fluid (5180f) at Kady using the quartz-water fractionation factor equation - 5l8Of =

(3.34x106/T2) - 3.31 o f Matsuhisa and others (1979). The fluid inclusion measurements for vein U 

were taken on a different sample than the StsO measurements, but the quartz in both cases is 

spatially associated with chalcopyrite and galena. S l8 0  values o f  the hydrothermal quartz range 

from 13.6%o to 13.8%o (table 3.3) and primary fluid inclusion homogenization temperatures range 

from 118° to 143° C (Werdon, 1998). This corresponds to a  range o f calculated 8  l8Of values 

between -4.9%o and -2.2%o for the hydrothermal fluid at Kady.

Although no 8 D values are available for Kady, the calculated range o f 5 l8Of values provides 

insight into the character and origin o f the hydrothermal fluid. The source o f the hydrothermal 

fluid at Kady can be modeled in two ways (Fig. 3.10). The 8 l8Of values may suggest the fluid was 

originally derived from a seawater and (or) a meteoric water source. The relative contribution o f 

meteoric water and seawater cannot be determined, given the uncertainties in the ancient seawater 

field boundary (Sheppard, 1986). The other way to model the fluid is mixing between meteoric 

water and either a deep basinal brine or a metamorphic fluid.

3.7 Host-rock diagenesis and alteration
3.7.1 Clastic components, early cements, and diagenesis

Clastic rocks o f three Endicott Group formations (Hunt Fork Shale, Noatak Sandstone, and 

Kanayut Conglomerate) distal to the vein-breccia zones (up to 2 km away) were examined to 

determine which mineral assemblages characterized sedimentation, early cementation, and 

diagenesis. These features have a widespread distribution and show no spatial relationship to the 

vein-breccia zones.

Sandstones distal to the vein-breccia zones at Kady are predominantly (80-95 percent) 

composed of monocrystalline quartz (MCQ) and black chert fragments. The ratio o f  MCQ to chert

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

varies from 50:50 to 95:5. Cherty argillite lithic fragments (1 - 10 percent) and white mica (1 - 10 

percent) are common minor components. Plagioclase (1-4 percent), clay and (or) illite patches (0

13 percent), chlorite (0 - 2  percent), and accessory minerals (apatite, tourmaline, zircon, and rutile 

(anatase?); less than or equal to 1 percent) are also present Euhedral to irregularly shaped 

plagioclase grains are completely albitized. Clastic grain-shaped clay and (or) very fine-grained 

illite patches are possibly pseudomorphs after K-feldspar, although no detrital K-feldspar was 

identified in any stratigraphic unit at Kady. Scattered patches o f  chlorite are probably 

pseudomorphs after biotite, as one chlorite grain had a zircon inclusion with a metamict halo, and 

rare partially chlorite-altered biotite is present in a few sandstones. Some chlorite patches may be 

hornblende pseudomorphs as well, since high temperature fractions in 40Ar/39Ar sandstone spectra 

have high Ca/K and Cl/K ratios (Werdon and others, 1998). Large rutile (anatase?) grains are 

probably detrital, but widely distributed small grains are probably products o f biotite destruction.

If  the diagenetic fluids were K-feldspar- and mafic-mineral-destructive, they may have derived 

metals from structurally bound sites in K-feldspar and mafic minerals by diagenetic processes. K- 

feldspar often contains structurally bound Pb’’2  (which substitutes for K+l), and mafic minerals can 

contain elevated levels of Cu ’ 2 and Zn*2. Therefore, sedimentary rocks o f the Endicott Group may 

have provided a potential primary sedimentary source for base metals; however mafic minerals are 

volumetrically minor, and K-feldspar may have been absent.

Organic plant material and fine grained detrital carbonaceous fragments occur locally in the 

upper Noatak Sandstone, and more commonly in the Kanayut Conglomerate. Shales in the Kady 

area contain clay, quartz, chert, detrital white mica, limonite and various carbonate minerals. 

Sandstones and shale in the Hunt Fork Shale and lower portion o f  the Noatak Sandstone are 

mineralogically similar but slightly less compositionally and texturally mature than sandstone in 

the upper Noatak Sandstone and the Kanayut Conglomerate, and exhibit similar diagenetic mineral 

alteration assemblages.

Primary and early diagenetic cements identified petrographically and by energy dispersive 

spectroscopy (EDS) in the Endicott Group clastic rocks include: quartz, calche, ankerite, siderite, 

an unidentified phosphate mineral, iron-manganese oxide/hydroxide, hematite, and organic 

material. The cement paragenesis o f 117 individual samples is presented in appendix 1 and the 

overall cement paragenesis is summarized in figure 3.11. Quartz and ankerite are the most 

abundant early diagenetic cements.
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Early diagenetic processes are very important in sandstone because the porosity can be 

significantly changed by early cementation or dissolution (development o f  secondary porosity), and 

because these processes influence later diagenetic and (or) hydrothermal processes. The 

distribution o f  carbonate in the Noatak Sandstone ranges from sandy limestone, to well-cemented 

calcareous sandstone, to concretionary and weakly carbonate-cemented sandstone. The upper 

Noatak Sandstone contains small (2-6 mm), sparsely distributed, poikilitic ankerite crystals and 

minor early diagenetic quartz (EDQ) cement (Fig. 3.124). Early diagenetic ankerite often replaces 

chert grains inside poikilitic crystals. Gray sandstone in the Kanayut Conglomerate is weakly 

cemented by EDQ, as well as by disseminated carbonate (up to 5 percent) in non-mineralized 

areas.

3.7.2 Hydrothermal cements, veins, and vein-related alteration
Clastic rocks of the Endicott Group were examined to determine which mineral assemblages 

are related to the hydrothermal event. Interpreted alteration minerals are those which are spatially 

restricted to areas immediately adjacent to the vein-breccia zones (up to lm  away). Hydrothermal 

cements are present at variable, and much greater distances from the vein-breccia zones, depending 

on the primary permeability o f  sandstone units.

Most sandstones in the Kanayut Conglomerate are partially to completely cemented by a 

combination o f  early diagenetic and hydrothermal quartz, which cannot be distinguished in 

transmitted light (Fig. 3.125). Cathodoluminescence is particularly useful for distinguishing early 

diagenetic quartz cement from later, hydrothermal quartz cement. Unlike early diagenetic quartz, 

which is non-luminescent, hydrothermal quartz at Kady is typically light to medium neon blue (Fig. 

3.12C). The blue hydrothermal quartz is paragenetically later than early diagenetic quartz cement 

in the Kanayut Conglomerate and carbonate cement in the Noatak Sandstone.

The high permeability and porosity in both the upper, less well-cemented part o f the Noatak 

Sandstone and the sandstone o f the Kanayut Conglomerate provided a site for hydrothermal fluids 

to flow through. Hydrothermal quartz, followed by disseminated galena and sphalerite, are 

paragenetically late cements in some gray sandstone units (Fig. 3.5). Secondary goethite/limonite 

(± anomalous Zn) often occurs within pore spaces in the Kanayut Conglomerate, and zinc 

carbonate cement occurs within the Noatak Sandstone in a small area near vein C.
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In contrast to the relatively uniform color o f hydrothermal cement, the cathodoluminescent 

color o f  hydrothermal quartz in veins is highly variable, including all shades o f neon blue, gray, 

white and pale brown (Figs. 3.12C-£)- In larger, growth zoned quartz veins the 

cathodoluminescent colors alternate, particularly where there are alternating fluid inclusion-rich 

and inclusion-poor bands. The cathodoluminescent colors in larger veins are relatively pale 

compared to very thin veins.

Extremely rare, paragenetically early siderite and ankerite veins hosted by the Noatak 

Sandstone are cut by later hydrothermal quartz veins (Fig. 3.12C). Calcite occurs in veins that cut 

the Noatak Sandstone, and it occurs as the last mineral deposited in symmetrical veins and breccia 

textured ore. The paragenetically late calcite in ore-related veins may have been locally derived 

from nearby carbonate cemented units. There is an overall trend from relatively high-iron 

carbonates (siderite and ankerite) in the early pre-sulfide stages to pure calcite in the post-sulfide 

stages o f  the hydrothermal system.

For alteration reactions to occur, the hydrothermal fluid must be at least slightly out of 

equilibrium with the wall rock sediments, and the fluid must flow in volumetrically significant 

amounts. The clastic rocks at Kady are relatively siliceous and therefore alteration is not obvious 

in the field. Numerous subtle mineralogical, textural, and structural changes are observed in 

clastic rocks adjacent to the vein-breccia zones (Fig. 3 .1 1 ), and all o f the features decrease in 

intensity with distance from the vein-breccia zones. The distance depends on the width o f the vein- 

breccia zone and host rock permeability, but is generally limited to within I m o f the vein-breccia 

zones.

The clastic rocks immediately adjacent to the vein-breccia zones are structurally deformed. In 

thin section, monocrystalline quartz grains and their quartz overgrowths exhibit undulatoij 

extinction, and chert grains have been partially to completely flattened (Fig. 3 .12F). Thin barren 

quartz veins are commonly present immediately adjacent and sub-parallel to the vein-breccia zones 

(Fig. 3.13).

Breccia clasts within the vein-breccia zones, adjacent clastic wall rocks, and disseminated Pb 

and (or) Zn sulfide-bearing gray sandstones are typically bleached relative to the fresh rocks. The 

color change from light gray to grayish-white is primarily due to dissolution o f chert grains and 

(or) recrystallization o f black detrital chert grains to exclude carbon (?). In areas o f intense silica 

dissolution, a pseudo-foliation is observed in hand sample. In thin section, these areas have
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numerous stylolites cutting chert and monocrystalline quartz grains, as well as stylolitized grain 

boundaries (Fig. 3.12F). Carbonaceous material is not present in bleached, mineralized gray 

sandstone; it was either not present (unlikely) or it was removed by the hydrothermal fluid. 

Alteration is less extensive (generally occurs less than 2 cm from vein margins) in the less 

permeable carbonate-cemented sandstone and shale units. The carbonate-cemented sandstone and 

shale units are generally medium brown to maroon and are altered to lighter shades o f these colors, 

or less commonly to light or medium forest green. The color change in these units is caused by the 

removal o f iron carbonates, iron oxides and (or) hydroxides.

To document chemical changes in carbonate minerals adjacent to mineralized vein-breccia 

zones, carbonate cements were semi-quantitatively analyzed using EDS and cathodoluminescence. 

Carbonate cement in the Noatak Sandstone shows zoning (on a small scale) away from vein- 

breccia mineralization (Figs. 3.13A-E) in area H. In area H, 2 to 6 -mm-wide green, carbonate- 

removal alteration halos surround the sulfide-bearing quartz veins. The small carbonate-removal 

halo suggests the ore fluids were weakly acidic. This is followed sequentially outward by ankerite, 

ankerite with elevated Mn, calcite with trace Fe (iron oxide?), and finally a return to background 

ankerite about 0.5 m from the vein. The carbonate with the slightly elevated Mn content (Fig.

3.13D) exhibits a much brighter orange color (Mn is a cathodoluminescent activator element and 

Fe is a suppressor). Carbonate flooding of wall rocks is only present adjacent to veins that cut the 

carbonate cemented Noatak Sandstone. In these areas, ankerite replaces chert and rarely 

monocrystalline quartz grains. Compared to the Noatak Sandstone, carbonate cement within gray 

sandstone o f the Kanayut Conglomerate is removed at greater distances (up to 10? m) from vein- 

breccia zones presumably due to the higher primary permeability.

An important mineralogical change accompanying vein-breccia formation is the 

recrystallization o f white mica. Detrital white mica grains are partially to completely 

pseudomorphed by fine-grained recrystallized white mica (Fig. 3.X2F), and patches o f illite often 

become coarser grained adjacent to vein margins. Plagioclase is not present in the 2  to 6 -mm-wide 

alteration halos surrounding veins in area H, suggesting it was either dissolved, or altered to white 

mica as well. Calculated vacuum-derived 4 0 Ar/39Ar closure temperatures for hydrothermal sericite 

are between 220° and 240° C (McMaster, 1987), which implies an estimated minimum 

temperature o f about 220° C for the hydrothermal fluids in the veins. Recrystallized white mica in
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sandstone within the sheeted vein-set in area H (Fig. 3.6E) was dated by the ^A r/^A r laser step 

heating method (Werdon and others, 1998). It yielded Mississippian plateau ages o f 324 ± 2 Ma 

and 325 ± 2 Ma, and an isochron age o f 324 ± 3 Ma. The presence o f non-recrystallized detrital 

white mica distal to the vein-breccia zones argues against the 40A t/ 39A t  ages reflecting a regional 

heating event.

3.8 Mineralization model and conclusions
Because the formation o f  sediment hosted base metal deposits is often intimately linked to the 

development o f the basin in which they formed, the timing o f deposit formation with respect to 

basin evolution must be considered. The Kady vein-breccia prospect is interpreted as part o f  a 

region-wide Zn-Pb-Ag hydrothermal mineralizing event estimated to be between 337 and about 314 

Ma (Werdon and others, 1998). A Carboniferous age for the Kady prospect is supported by the 

Carboniferous 4 0 Ar/39Ar ages o f recrystallized white mica in wall rocks adjacent to the vein-breccia 

zones, and by structural field evidence for a pre-Mesozoic age (offset by Mesozoic faults, minor 

folding). A period o f regional extension, and volumetrically minor alkaline volcanic activity 

occurred between 343 and 336 Ma (Werdon and others, 1998). This presumably set up an 

elevated geothermal gradient, which heated basinal fluids.

Potential metal sources at Kady include the Endicott Group elastics and (or) underlying 

basement rocks. Because basement rocks are structurally removed it is not possible to evaluate 

this potential source. Sedimentary sources for base metals could include metals adsorbed on clays 

and Fe-Mn oxide cements, or metals diagenetically released from structurally bound mineral sites 

(e.g. biotite (Zn+2, Cu+2) and K-feldspar (Pb+2)). All of these potential sources might have been 

available within the Endicott Group, but the exact source(s) is difficult to determine since metal 

contents of Endicott Group units distal to and within mineralized areas, have not been determined. 

The replacement o f  biotite by chlorite shows that mafic minerals were out o f equilibrium with pore 

fluids in the Endicott Group, indicating it has a  favorable diagenetic history.

The mineralized zones contain brecciated and veined sandstone produced by minor tectonic 

movement and (or) hydrofracturing. The vertical offset of bedding is difficult to assess due to 

Mesozoic reactivation. Mississippian offset appears to have been greatest along the U vein 

(perhaps 50m?). The presence o f strata-bound zones o f very low grade disseminated sulfide
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mineralization adjacent to the vein-breccia zones suggests that silica and base metal-bearing fluids 

flowed through poorly cemented sandstone beds. Hydrothermal cementation o f the sediments in the 

Endicott Group, along with a high fluid pressure (as evidenced by large rotated, displaced and (or) 

size-graded breccia clasts), helped support and preserve the fault structures. The sub-parallel 

mineralized zones at Kady are modeled as steeply-dipping listric(?) faults along which up-flowing 

basinal fluids traveled and sulfides were deposited (Fig. 3.14).

Carboniferous units stratigraphically above the Kanayut Conglomerate have been structurally 

and (or) erosionally removed in the Kady area (except for small pieces o f the Kayak Shale); 

therefore, it is not known what Mississippian facies were present above the vein-breccia zones, or 

if  it was an area o f  emergence and non-deposition. The offset on Mesozoic thrust faults in the 

Kady area is relatively minor (less than a few hundred meters). Although no detailed structural 

maps are available between Kady and the mountain front, if  the structural style in this area is 

similar to that in the Kady area, and if  thrust fault offsets are also relatively minor, the 

Pennsylvanian to Mississippian facies along the mountain front (Fig. 3.1) could potentially be 

similar to the facies formerly overlying the Endicott Group in the Kady area. If  the Kady deposit 

was overlain by basinal shales o f the Kuna Formation, the low thermal conductivity and low 

permeability o f these shaley capping sediments could reduce both conductive and convective heat 

loss from the basin (Goodfellow and others, 1993), thereby maintaining elevated temperatures 

within the Endicott Group reservoir until faulting occurred. This proposed basin model would be 

physically similar to the Sedex model of Lydon (1983).

During faulting, the pressure is interpreted to have changed from predominantly lithostatic to 

hydrostatic (Fig. 3.14). Stratigraphic thickness estimates for units above the vein-breccia zones 

suggest that about 375 m of sediment may have been present over the top o f  the vein-breccia 

system. The depth o f seawater covering the sediments is unknown. If the maximum temperature 

for the hydrothermal fluids was around 210° to 250° C, boiling would occur between 190 m and 

410 m below sea level. In other words, if the water depth was less than 190 m to 410 m, boiling 

would occur below the sea floor. Although the possibility o f boiling in the upper levels of the vein- 

breccia system is within stratigraphic thickness, salinity, and sulfur isotopic temperature 

constraints, there is no evidence to suggest boiling in fluid inclusions from hydrothermal vein 

quartz at Kady (Werdon, 1998).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

Textural, mineralogical, and fluid inclusion data indicates that sulfides and quartz were 

deposited from slightly acidic, low salinity hydrothermal fluids, under evolving chemical conditions 

(i.e. T, P, pH,yc>2 , ^ 2 ). A drop in temperature is suggested by the presence o f  dendritic quartz 

within some o f the vein-breccia zones, the sulfur pair temperature estimates in vein R, and 

relatively low fluid inclusion homogenization temperatures in late, vein-textured quartz. Most 

vein-breccia zones formed within the stability field for pyrite, but areas D and E evolved starting at 

the pyrite-pyrrhotite boundary. The decrease in sphalerite mole percent FeS values in many o f the 

veins suggests that both the sulfidation and oxidation state o f  the fluid increased with time. The 

relatively high levels o f Cu at Kady suggest the fluids were relatively oxidized since copper is 

essentially immobile under reducing conditions at low temperatures. The removal o f carbonaceous 

material within the mineralized area is consistent with a relatively oxidizing hydrothermal fluid.

The pH increased in the late stages o f the hydrothermal event due to buffering by wall rock 

carbonate cement.

The evidence and models discussed above suggest several reasons why a sedimentary 

exhalative deposit likely did not form above the Kady vein-breccia prospect. Although sulfur 

isotopic pairs and white mica 4 0Ar/39Ar closure temperatures indicate sulfides at Kady formed at a 

temperature o f at least 220° C (and possibly as high as 250° C), these relatively low temperatures 

cannot alone explain the lack o f a Sedex deposit. Unlike the Red Dog and Drenchwater deposits, 

which are spatially associated with a few minor volcanic sills or dikes within and near mineralized 

areas, there are no volcanic sills or dikes within the Endicott Group in the Kady area. This could 

suggest that the Kady prospect had a shorter lived system o f  heat input to sustain hydrothermal 

fluid flow, but no data on how long the mineralizing systems were active is available.

The presence o f  sulfides within the Endicott Group suggests metal-bearing solutions 

encountered changing physical and (or) chemical conditions, which caused metals to drop out o f 

solution before reaching the sea floor. Although there is no evidence for boiling within the vein- 

breccia system, the hydrostatic pressure may not have been great enough to keep the hydrothermal 

fluids from boiling in the subsurface above the level o f the vein-breccia zones. If  the water depth 

was great enough to prevent subsurface boiling, the low salinity values indicate that the ore fluid 

would be highly buoyant in seawater upon reaching the sea floor, and metals would be dispersed. 

The above information suggests that evaluation o f Carboniferous facies, and water depth estimates 

derived from them, are important to evaluating areas for their Sedex potential.
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Fig, 3.1. Geologic map of the southwest part of the Killik River Quadrangle, north-central Brooks Range, Alaska. Geolog) 
modified from Mull and others (1994) and Mull and Werdon (1994).
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Fig. 3.2. Geologic map of the Kady area.
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Fig. 3.3 Endicott Group clastic rocks and structures: A) Overturned cross bedding in the upper 
part o f  the Noatak Sandstone (Dn), B) Calcareous concretions in upper Dn, C) Organic material 
replaced by diagenetic pyrite in Dn, D) Graded bedding with fining upward sequences in 
sandstone, Kanayut Conglomerate (MDk), E) Quartz-chert pebble conglomerate bed in MDk,
F) Open anticline and syncline, G) Monocline on south limb o f a major anticline, looking 
northeast. Hand lens is 2.5 cm by 2 cm; yellow field book is 12 cm by 19 cm.
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METERS

Fig. 3.4. Structural cross section through the Kady area.
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Fig. 3.S. Map showing vein-breccia (gray lines) and disseminated (gray dots) sulfide mineralized 
areas. Gray sandstone within the Kanayut Conglomerate (stippled pattern) hosts most o f the 
disseminated sulfides. Letters refer to individually described mineralized areas. Dips o f 
mineralized vein-breccia zones are shown where measured. Map location shown in figure 3.2. 
Abbreviations: Azur.-azurite, Cal-calcite, Cp-chalcopyrite, G 1-galena, Mal.-malachite, Py-pyrite, 
Q-quartz, Sp-sphalerite, amt-amount, bIk.-black, bx-breccia, chalced.-chalcedonic, dissem.- 
disseminated, sandst-sandstone, tr-trace, yell.-yellow.
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Fig. 3.6. Vein-breccia zones and ore textures: A) View o f  vein- 
breccia zones looking east, B) Vein U viewed from area V, C)
View o f vein-breccia zones looking southwest, D) Folded quartz- 
sulflde vein in the Noatak Sandstone, E) Sheeted vein set at H, F) Pinched-out vein in shale bed 
in the Kanayut Conglomerate offset by late fault with minor slip, area H, G) Shale breccia clasts 
surrounded by milky quartz, with open space between clasts filled with brown sphalerite and late 
quartz, H) Complex quartz-sulfide breccia, area R. Early galena, sphalerite, and pyrite fragments 
and (or) crystals are rimmed by milky quartz. Paragenetically late, intergrown chalcopyrite and 
quartz fill leftover open space, I) Sharp-edged vein-breccia zone, vein T; yellow field book is 
12 cm by 19 cm, J) Inversely size-graded breccia, area S.
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Fig. 3.7, Quartz and sulfide textures in thin section: A) Vein E; breccia fragment o f growth-zoned vein-type sphalerite with 
a rim o f late, low iron yellow sphalerite surrounded by quartz, B) Vein E; sphalerite with irregular color distribution 
surrounded by growth zoned quartz crystals, QVein E; sphalerite crystal with both growth and sector zoning, D) Vein D; 
paragenetically early dark red sphalerite with trace pyrite, overgrown successively by earl)- dendritic quartz, light yellow 
sphalerite and minor galena, and paragenetically late coarse-grained quartz, E) Figure 7D in cross polarized light showing 
early dendritic quartz and late coarse-grained quartz, F) Vein B; intergrown quartz and chalcopyrite adjacent to sandstone 
breccia clast, G) Figure 7Fin cross polarized light showing feather)- quartz adjacent to stylolitized contact with sandstone 
breccia clast.
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Fig. 3.8. Mole percent FeS, CdS, ZnS and color variations in sphalerite. Letters refer to 
individual mapped veins shown in figure 3.S. The sphalerite color correlates with mole percent 
FeS. The three sphalerite groups are discussed in the tex t
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Fig. 3.9. Histogram of copper analyses from mineralized hand samples from vein-breccia 
occurrences in the northern Brooks Range. Samples from (Cady and the Outwash Creek area are 
more copper rich. Copper values are in log ppm units. ICP analyses are from M eyer and Kurtak 
(1992).
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5 loO (%o)
Fig. 3.10. Calculated g  ‘* 0 ^  values for Kady. Field boundaries from Ohmoto (1986) and 
Sheppard (1986).
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Fig. 3.11. Summary of host rock diagenesis and alteration, and ore paragenesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

Fig. 3.12. Petrographic and cathodoluminescent photos o f host rocks and vein textures: A) Poikilitic ankerite cement in 
the Noatak Sandstone; chert clast partial!)' replaced by ankerite, B) Texturally and compositionally mature, quartz 
cemented sandstone in the Kanayut Conglomerate composed of monocrystalline quartz and chert grains, C) Sandstone 
cemented by sparse earl)' diagenetic quartz (non-luminescent) and late hydrothermal quartz (bright blue cathodo
luminescent color). Late hydrothermal quartz veins cut an earl)' siderite vein, D) Sandstone cut by a set o f sub-parallel 
hydrothermal quartz veins, E) Faint cathodoluminescent color banding in growth zoned hydrothermal quartz vein. F) 
Altered sandstone adjacent to vein H with structurally deformed clastic grains, stylolitization, and white mica 
(recrystallized and newly crystallized).
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Fig. 3.14. Schematic cross section and mineralization model for Kady.
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Table 3.1. Quantitative electron microprobe analyses of sphalerite.

Vein Sample description Sphalerite color(s)
(ip 30udadctian icct80«>

Composition (mole %)
iSSSap / 1 <r>

S breccia ted. quartz-veined sandstone; angular, 1-2
mm sphalerite fragments floating in a randomly 
oriented mosaic ofdear. non-growth zoned qoaitz 
crystals in a 0.5-1.0 cm wide vein; minor 
chalcopyrite disease in sphalerite 

B breccia ted, quartz-veined sandstone; angular, 0.1
1.5 mm sphalerite fragments floating in a 2 cm 
wide, dear to milky quartz vein; minor 
chalcopyrite disease in sphalerite; trace chIorite(?) 
in center of vein 

R complex sulfide breccia with sphalerite (Made in
hand specimen), galena, chalcopyrite, pyrite and 
quartz: abundant chalcopyrite disease and veins in 
sphalerite; clasts indude sphalerite, galena-quartz 
mixtures, and pyrite-qnartz mixtures; clasts arc 
rimmed by quartz, with leftover open space filled 
by intergrown chalcopyrite and quartz 

H 5 cm wide sphalerite (uniformly tight brown in hand
specimen) and quartz vein; sphalerite (earty) cut 
and fragmented by irregular, symmetrically growth 
zoned milky quartz veins up to 05  cm wide; minor 
chalcopyrite disease 

U quartz dominant, sulfide-bearing. 5 cm wide vein
cutting sandstone; parageneticaily early quartz 
followed by co-precipitated quartz, chalcopyrite, 
galena and compositioaally zoned pyrite-bravoite, 
followed by quartz, then dark sphalerite rimmed 
with light sphalerite, then an unknown gray 
carbonate and finally, late calcite; sphalerite is cut 
by a vein of iron sulfide but is not diseased by 
chalcopyrite

D complex quartz-sphalerito-sandstoae breccia;
breccia contains clasts o f sandstone, sphalerite, and 
sphalerite clasts with quartz rims; quartz-rimmed 
sandstone clasts (up to 4 cm) entrained with 
sphalerite clasts (up to 3 cm) in 10 m wide vein- 
breccia zone; earty reddish-orange sphalerite clasts 
(containing and partially rimmed by pyrite cubes) 
surrounded by granular to dendritic to growth 
zoned quartz (with trace pyrite in quartz near early 
sphalerite); discontinuously overgrown by clear to 
yellow sphalerite crystals (no pyrite), surrounded 
by minor chalcedonic quartz and late, open-space 
filling, coarse grained, growth zoned quartz 

Etrccu angular. 0.1-15 mm fragments of sphalerite and
sandstone floating, with pyrite crystals, in a 3-4 cm 
wide quartz vein; minor to abundant chalcopyrite 
and iron sulfide disease with small patches of 
chalcopyrite replacing sphalerite 

Em  sphalerite dominant vein with growth zoned, vein
type sphalerite fragments enclosed in a matrix of 
finely-crushed sphalerite intergrown with quartz; 
minor chalcopyrite and iron sulfide disease; some 
pyrite appeals to replace sphalerite; pyrite is 
eubedral in quartz adjacent to sphalerite

irregular color-zonation, 
colorless to pale yellow

poorly growth-zoned, light 
to medium golden brown 
to yellow

unusually colored 
sphalerite; appears black, 
gray, or brown due to 
abundant chalcopyrite 
inclusions, but it is mostly 
light to medium yellow 
under high magnification 

clear, very light orange, and 
pale yellow w/ irregular 
color zonation

growth zoned from earty, 
light and medium orange 
sphalerite, to very light 
yellow, to late clear 
sphalerite

early sphalerite is medium 
to dark reddish orange w/ a 
couple of minor growth 
bands of medium yellow- 
orange

late sphalerite is clear to 
medium yellow

medium orange-red to light 
orange, irregularty zoned

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

ZaS 93.6 - 97.7 / 965  / 96.4 / l.l 
FeS 2 .0 -5 .8  / 35 / 3 2 / l.l 
CdS 0 .2 -0 .7 /0 .4 /0 .4 /0 .1  
MnS not above lower detection limit 
o=24
ZaS 92.8 - 94.6 / 93.8 /  93.7 / 0.6 
FeS 5 .2 -6 .8 /6 .0 /6 .1 /0 .6  
CdS 0 .2 -0 .3 /0 .3 /0 .3 /0 .1  
MuS not above lower detection limit 
o=10
ZoS 89.3 -  96.0 / 94.0 / 94.4 /  1.6 
FeS 3 .5 -9 .9 /5 .5 /5 .1 /1 .5  
CdS 0 .4 -0 .9 /0 .6 /0 5 /0 .1  
MoS not above lower detection limit 
0 = 3 6

ZaS 96.5 - 98.1 / 97.1 / 97.1 / 0.3 
FeS 1 .6 -2 .6 /2 5 /2 .4 /0  2  
CdS 0 5 -0 .9 /0 5 /0 5 /0 .1  
MnS not above lower detection limit 
o=25
early, orange sphalerite
ZoS 93.0 - 96.5 / 95.4 / 95.7 / 1.0
FeS 3 5 -6 .7 /4 .4 /4 .1 /1 .0
CdS 0.1 - 0 .4 /0 5 /0 5 /0 .1
MoS not above lower detection limit
n=20
late, clear sphalerite
ZaS 98.8 - 99.7 / 995 / 99.5 / 0.3
FeS 0 .1 -1 .1 /0 .3 /0 5 /0 5
CdS 0 .1 - 0 5 /0 5 /0 5 /0 .0
MnS nor above lower detection limit
n=10
early, reddish-orange sphalerite 
ZnS 81.5 - 93.5 /  84.4 / 84.1/2.3 
FeS 6.1 - 17.9 /15.1 / 15.4/2.3 
CdS 0 5 -0 .6 /0 .4 /0 .4 /0 .1  
MnS not above lower detection limit 
o=47
late, clear to yellow sphalerite 
ZnS 94.4 - 97.7 / 96.5 / 96.6 /  0.8 
FeS 2 5 - 5 .4 /3 5 /3 5 /0 .8  
CdS 0.1 -0 .4 /0 5 /0 5 /0 .1  
MnS not above lower detection limit 
n=38

ZaS 85.4 - 91.9 / 875 / 875 /  1.9 
FeS 7.8 - 14.3 / 12.2 / 125 /1.9 
CdS 0 5 -0 .4 /0 5 /0 .3 /0 .1  
MnS up to 0.1 
n=15
ZnS 90.0 - 975 / 93.1/93.0/1.6 
FeS 2 5 - 9 5 /6 .4 / 6 5 /1 5  
CdS 0 5 -0 .8 /0 .5 /0 5 /0 .1  
MnS uptoO.l 
0=30
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Table 3.2. Sulfur isotopic analyses o f sulfide minerals.

Vein Mineral 5mS (%o) Sample description
R sphalerite 11.4 4 m wide complex vein-breccia zone with quartz (70%), sphalerite 

(16%), chalcopyrite (8%), galena (1%), pyrite (3%) and calcite 
(2%)

R chalcopyrite 10.9
R galena 7.8
R ore-stage pyrite 12.5
W sphalerite 12.7 0.37 m wide vein of co-precipitated quartz (30%) and light to 

medium brown sphalerite (70%) with trace galena
W galena 9.6

Table 3.3. Oxygen isotopic analyses of hydrothermal quartz.

Vein 5i8Q (%q) Sample description
AB 15.0

S 13.1

S 15.2
R 10.9
A 1 0 . 8

A 14.2

U-l 15.4

U-2 13.6

U-2 13.8

breccia composed of light gray silicified siltstone fragments ( 1 0 %) cemented by 
intergrown quartz (45%), medium reddish-brown sphalerite (45%) and trace 
chalcopyrite

vein quartz from 8  cm wide breccia-vein with sandstone clasts (<3%), quartz 
(45%), brown sphalerite (50%), and trace chalcopyrite (<1%) and pyrite (<l%) 

breccia quartz; same as above
quartz vein with granular, fine grained pyrite and minor chalcopyrite (~5%)
1 m wide vein of medium to dark brown sphalerite (94%) with lesser quartz (5%) 
and chalcopyrite ( 1%) 

light gray silicified siltstone fragments (2 0 %) floating in mixed quartz (60%), 
chalcopyrite (15%) and medium brown sphalerite (5%) 

vein of quartz (75%), medium to dark brown sphalerite (24%) and chalcopyrite 
( 1 %); quartz cross-cuts sphalerite sub-parallel to color banding 

early quartz from a 6.5 cm wide symmetrical vein with early quartz (3%) + trace 
chalcopyrite (< 1%), growth-zoned late quartz (6 6 %), and paragenetically late 
galena (30%)

late quartz; same as a b o v e ________________________________________
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Chapter 43

Dating the undateable using 40Ar/J9Ar laser step-heating: an application in the 
northern Brooks Range Zn-Pb-Ag district, Alaska

4.1 Abstract
The 40A t/ 3 9 laser step-heating method potentially can be used to provide absolute ages for a 

number o f formerly undateable, low temperature ore deposits. This study demonstrates the use o f 

this method by determining absolute ages for Zn-Pb-Ag shale-hosted massive sulfide (Sedex) and 

vein-breccia mineralization in the northern Brooks Range, Alaska. Sedex mineralization is 

estimated to have formed between 337 Ma and ~ 314 Ma based on cross-cutting relationships and a 

hydrothermal white mica date. Despite relatively low sulfide deposition temperatures in the vein- 

breccia zones (< 250°C), detrital white mica in sandstone immediately adjacent to large vein- 

breccia zones was partially to completely recrystallized. The 4 0Ar/39Ar age spectra and inverse 

isochron plots o f multi-component whole rock sandstone samples are more complex than those of 

single minerals. Different minerals have different Ca/K and Cl/K ratios and closure temperatures, 

and these properties were used to identify portions o f  spectra dominated by argon release from 

specific minerals. 4 0Ar/39Ar laser step-heating analyses o f Late Devonian sandstone whole rocks 

produced spectra that record a two-stage resetting history: 1) a Carboniferous hydrothermal event 

and 2) later Mesozoic to Tertiary events, which are in agreement with geologic constraints. The 

4 0Ar/39Ar analyses support the interpretation that the Sedex deposits and most vein-breccia 

occurrences are part of the same Carboniferous mineralizing event.

3 Prepared for submission in: Werdon, M.B., Layer, P.L., Newberry, R.J., in review, Dating the 
undateable using 40Ar/39Ar laser step-heating: an application in the northern Brooks Range Zn-Pb-Ag 
district, Alaska: Economic Geology.
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4.2 Introduction
Some mineral deposits, such as Mississippi Valley-type, stratiform copper, Irish-type, 

sandstone lead, and sediment-hosted massive sulfide (Sedex) are notoriously difficult to date. They 

form at relatively low temperatures (i.e. generally <280° C), often do not contain dateable minerals 

o f hydrothermal origin, and (or) the geologic evidence for their age is equivocal. In recent years, 

Rb-Sr (on sphalerite), Sm-Nd (on fluorite), K-Ar and paleomagnetic dating have been applied to 

determine the timing o f  some o f  these deposits (Christensen et al., 1994; Chesley et al., 1994; 

Symons et al., 1995). Application o f these methods in structurally deformed regions is limited by 

lack o f  precision o f  the methods, non-uniform initial isotopic compositions, and (or) post

mineralization resetting (e.g. argon loss). In contrast, in order to see through the metamorphic 

overprint of the Hercynian Orogeny, Hitzman and others (1994) used conventional furnace 

^A r/^A r step-heating on detrital white micas to estimate the timing o f Irish Zn-Pb mineralization 

in Ireland based on hydrothermal reset ages.

The northern Brooks Range o f Alaska contains a laterally-extensive Zn-Pb-Ag belt with 

numerous Sedex, disseminated and vein-breccia occurrences. The vein-breccia and disseminated 

sulfide occurrences show no obvious igneous association and are hosted by a deformed but only 

weakly metamorphosed package o f Upper Devonian to Lower Mississippian mixed continental and 

marine clastic rocks (the Endicott Group). Sedex mineralization is hosted by Mississippian to 

Pennsylvanian(?) black shale and siliceous mudstone o f the Kuna Formation (e.g. Red Dog 

(currently the world’s largest Zn producer), Lik, and Drenchwater). A reconnaissance study by 

Ellersieck and others (1990) suggests the vein-breccia occurrences may either be feeder zones to 

Carboniferous Sedex deposits, or may have formed along Mesozoic or post-Mesozoic faults in the 

Brooks Range. Although the Zn-Pb-Ag geochemical signature and relative stratigraphic position 

o f the vein-breccia occurrences suggests they may be related to Sedex hydrothermal events, 

previous studies have not provided evidence documenting a Carboniferous age for the vein-breccia 

occurrences. In most cases their structural relationships to Carboniferous, Mesozoic, or post- 

Mesozoic structures are not clear due to dominantly rubblecrop exposures. The northern Brooks 

Range vein-breccia occurrences formed at temperatures less than 250°C (Werdon, in press), and 

they lack suitable minerals within the veins for 4 0Ar/39Ar dating.
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Our study aims to date hydrothermal activity within the vein-breccia zones by analyzing 

sandstone along vein margins by the ^A r/^A r laser step-heating method. To provide timing 

constraints on Sedex mineralizing events, 4 0Ar/39Ar analyses were obtained from biotite from three 

alkaline hypabyssal intrusions near the Drenchwater prospect, and hydrothermal white mica from a 

hypabyssal intrusion within the Red Dog deposit. Comparison o f this data with lead isotopic ratios 

and geologic field relationships allows evaluation o f the two hypotheses for vein-breccia formation.

43 Geologic Setting
The generalized geology of the north-central and northwestern Brooks Range, and the location 

o f Zn-Pb-Ag occurrences and igneous rocks discussed in this paper are shown in Figure 4.1. The 

Brooks Range can be divided into three main geologic regions; from south to north these are the 

southern Brooks Range metamorphic belt, the northern Brooks Range fold and thrust belt, and the 

foredeep deposits o f the Colville Basin. The northern Brooks Range fold and thrust belt consists of 

a regionally extensive package o f predominantly sedimentary rocks o f Devonian to Cretaceous age. 

Also occurring within the fold and thrust belt are Paleozoic to Jurassic mafic to ultramafic rocks 

which are variably correlated with basalts o f the oceanic Angayucham terrane (Mull, 1982) or an 

independent extensional basin on the Brookian continental margin (Karl, 1990; Solie and Mull, 

1991). Vein-breccia and disseminated sulfide mineralization is hosted by arenaceous clastic rocks 

o f the Upper Devonian to Lower Mississippian Endicott Group. The Endicott Group is 

depositionally overlain by the Mississippian to Pennsylvanian(?) Kuna Formation, which elsewhere 

in the northern Brooks Range hosts Sedex Zn-Pb-Ag deposits.

Two tectonic events have affected rocks within the northern Brooks Range fold and thrust belt:

1) Mississippian to Pennsylvanian(?) extension, and 2) compression during and following the Late 

Jurassic to Early Cretaceous Brookian Orogeny. Extension during Mississippian to 

Pennsylvanian(?) time is supported by the presence o f abrupt facies changes and inferred normal 

faulting (Moore et al., 1986), and shale-hosted sedimentary exhalative massive sulfide deposits 

(Forrest, 1983; Moore et al., 1986) within Lower Mississippian to Pennsylvanian(?) age units. 

Regionally extensive, but volumetrically minor, felsic through mafic volcanic tuffs and hypabyssal 

intrusions also occur within Lower Mississippian to Pennsylvanian(?) age units (Mull and Werdon, 

1994; Werdon, 1996). Extension-related within plate alkaline hypabyssal intrusive rocks occur at 

both the Drenchwater and Red Dog deposits (Figs. 4.2, 4.3; Table 4.1). An extension-related
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within plate continental tholeiitic gabbro sill (of unknown age) also intrudes the Upper Devonian to 

Lower Mississippian Endicott Group on the south side o f  Koiyaktot Mountain (Figs. 4.2, 4.3; 

Table 4.1).

The northern Brooks Range fold and thrust belt, as well as Cretaceous foredeep deposits o f the 

Colville Basin to the north, formed as the result o f  the Brookian Orogeny (Mull, 1982). The 

earliest involvement o f the rocks which host sulfide mineralization in the Brooks Range 

deformational event is thought to be between 130 and 140 Ma (Curtis et al., 1990; Moore et al., 

1994). Their interpretation is based on regional structural models and the earliest depositional age 

o f the synorogenic Okpikruak Formation. The major deformation associated with the formation o f 

the northern Brooks Range fold and thrust belt ended by -100  Ma (refs, in Blythe et al., 1997), 

with the northernmost faults offsetting synorogenic sedimentary rocks of the Colville Basin.

Several episodic, relatively minor contractional deformation events continued into Tertiary time. 

The most significant o f these is the -60  Ma, large scale regional uplift event (refs, in Blythe et al., 

1997) which broadly folds and faults rocks in the fold and thrust belt as well as those o f the 

Colville Basin. Episodes o f compression in the northeastern Brooks Range and the central and 

eastern Colville Basin between -45 and 20 Ma have also been documented (refs, in Blythe et al.,

1997). Thermal maturity data for the northern Brooks Range suggest temperatures did not exceed 

a maximum o f -  275°C during burial or deformation (Johnsson et al., 1993) in rocks which host 

sulfide mineralization.

4.4 Lead Isotopic ratios
Lead isotopic ratios from shale-hosted massive sulfide Zn-Pb-Ag deposits in the northern 

Brooks Range form a linear array (Fig. 4.4). Since the Sedex deposits are hosted by 

Carboniferous basinal sedimentary rocks, these lead isotopic ratios indicate an unreasonably young 

(~ 180 Ma) geologic age using the two-stage lead growth model o f  Stacey and Kramers (1975). 

Church and others (1987) constructed a three-stage lead growth curve to approximate mixing and 

sedimentation from a source that matches this isotopically homogeneous field. The position of 

their curve is loosely constrained by assuming the northern Brooks Range Sedex mineralization is 

younger than -370  Ma (the approximate age o f metavolcanic rocks in the southern Brooks Range, 

which are associated with volcanogenic massive sulfide deposits with slightly less radiogenic lead
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isotopic ratios), and older than the 330 ± 17 Ma K-Ar age (Nokleberg and Winkler, 1982) for a 

mafic sill northeast o f the Drenchwater prospect The three-stage lead growth curve gives a model 

age o f ~350 Ma for the northern Brooks Range Sedex deposits, but it does not provide independent 

geologic evidence for the age o f Zn-Pb-Ag mineralization. The assumptions Church and others 

(1987) used to construct the three-stage lead growth curve may not be valid since: 1) volcanogenic 

massive sulfide deposits in the southern Brooks Range may not have derived lead from the same 

lead source as Sedex deposits in the northern Brooks Range, and 2) there is no evidence to suggest 

Sedex mineralization is older than the mafic sill northeast o f Drenchwater; the sill is separated 

from the mineralized area by a thrust fault with unknown displacement.

Most lead isotopic ratios from galena in the vein-breccia and disseminated Zn-Pb-Ag 

occurrences are statistically indistinguishable at 2 a  from those o f  galena in the shale-hosted Red 

Dog, Lik, and Drenchwater massive sulfide deposits. The isotopic similarity suggests a similar 

homogeneous source for the lead in these deposits and it suggests, but does not require these 

deposits to be the same age. The isotopes o f lead do not fractionate when physically remobilized 

but they do fractionate when chemically remobilized. The Husky and west Kivliktort Mountain 

vein-breccia occurrences have Pb isotopic ratios both similar to, and more radiogenic than the 

Sedex deposits (Fig. 4.4). The three relatively radiogenic lead isotopic ratios from Husky and 

West Kivliktort Mountain are from galena within Mesozoic faults (Kurtak et al., 1995). If the 

galena was derived from older Pb sources, the Pb has been chemically remobilized, contaminated 

by relatively radiogenic Pb, and then re-precipitated. The relationship o f mineralization in other 

vein-breccia zones to either Mesozoic or Carboniferous structures is not clear due to poor 

exposure.

4.5 48At/39 Ar Dating
4.5.1 Sample descriptions and analytical methods

A wide variety o f sample types were analyzed to constrain the timing o f Sedex and vein- 

breccia mineralization including: 1) sandstone whole rocks (Kady, west Kivliktort Mountain, 

Husky, Vidlee, Story Creek), 2) biotite phenocrysts from hypabyssal intrusive rocks (Drenchwater, 

Red Dog), 3) a  hydrothermal white mica altered hypabyssal intrusive rock (Red Dog), 4) siliceous 

mudstone (Red Dog), and 5) a gabbro whole rock (Koiyaktot Mountain). Whole rock sandstone
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chips (<1 mm in diameter) were cut from within 3 mm o f vein margins to determine any possible 

hydrothermal effect on their40Ax/39At spectra. The width o f  the mineralized zones varied from 

approximately I cm up to 50 meters (Table 4.2). Sandstones analyzed contain dominantly quartz 

and chert grains (80-95 %), with minor cherty argillite (1-10 %), white mica (1-10 %), albite (0-4 

%), clay and (or) illite patches (0-13 %), biotite (partially to completely altered to chlorite; 0 - 2  %), 

and accessory minerals (< 1%). Notably, some detrital white mica grains are partially to 

completely recrystallized, resulting in patches o f  fine grained interlocking white mica crystals. The 

sandstones are generally cemented by quartz but samples H59.5’ and Story Creek are partially 

cemented by carbonate. Similarly, Red Dog samples RFD and RFDb were taken from black 

siliceous mudstone adjacent to the quartz-sulfide feeder veins in Red Dog Creek. The siliceous 

mudstone is composed o f granular fine grained quartz (~90 %), carbonaceous material (~5 %) and 

clay (~5 %).

Biotite phenocrysts from three alkaline hypabyssal intrusions at Drenchwater (locations 1, 7, 

and 8 , Fig. 2; Werdon, 1996), and biotite from the Aqqaluk alkali gabbro intrusion at Red Dog 

were separated using standard crushing, magnetic, and heavy liquid techniques. Volcanic tuffs and 

breccias spatially associated with intrusions at Drenchwater have been cut and partially replaced 

by sulfide mineralization (Werdon, 1996). The plateau ages of biotite from the hypabyssal 

intrusions provide an estimate o f the maximum age for the Sedex mineralizing events, and the 

duration o f  the alkaline magmatic event. A 3 meter thick, hydrothermal white mica-altered sill(?) 

(whole rock sample), which intrudes the Ikalukrok unit o f the Upper Mississippian to 

Pennsylvanian(?) Kuna Formation, was also dated from the south side o f the main Red Dog 

deposit. The igneous sill(?) consists o f  intergrown fine grained white mica, clay(?), and granular 

quartz, and it is cut by hydrothermal quartz ±  sphalerite ± pyrite ± galena ± white mica veins. The 

plateau age o f this whole rock sample records the time at which temperatures cooled below the 

argon closure temperature o f the hydrothermally-produced white mica, and is interpreted to 

estimate the approximate minimum age limit for Sedex hydrothermal mineralization. We also 

dated a  continental tholeiitic gabbro sill (91Pe49) which intrudes the Upper Devonian to Lower 

Mississippian Endicott Group on the south side o f Koiyaktot Mountain. The whole rock gabbro 

sample is composed o f plagioclase, clinopyroxene, biotite, chlorite, hornblende?, pumpellyite, 

calcite and opaques.
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All samples were irradiated without Cd shielding in the McMaster reactor, along with 

hornblende standard MMhb-I (Samson and Alexander, 1987) with an age o f  513.9 Ma (Lanphere 

et al., 1990), except the Kady samples which were irradiated with hornblende standard Hb3Gr 

(1071 Ma; Zartman, 1964). These standards were used to calculate appropriate J values. All 

samples were dated using the University o f Alaska Fairbanks 4 0Ar/39Ar step-heating laser system, 

except sample 91 Pe49, which was step heated using the ““ Ar/^Ar conventional furnace method. 

Argon isotopic measurements were corrected for the system blanks, for decay of ̂ Ar an d 3 9Ar, and 

for reactor-induced isotopic interferences. Ages were calculated using a decay constant o f 5.543 x 

1 0 *'° y '1. In most cases, a large number o f fractions were obtained in order to examine details of 

the sample history and for modeling purposes. Age spectra (Figs. 4.5A-O) were plotted as 

apparent ages (± ley error) versus the fraction of wAr released for each fraction in the step-heating 

analysis. Since some samples contain more than one mineral component, and these minerals are 

characterized by different proportions o f K, Ca, and Cl, Ca/K and Cl/K spectra are also shown 

here (Figs. 4.54-0). Minerals observed in thin section were compared to the Ca/K and Cl/K 

spectra to determine which minerals may have contributed argon in each fraction, following the 

method described in Newberry and others (1998). Plateaus were defined as three or more 

consecutive fractions within a 2 ct error range in apparent age, and the percent39Ar in each plateau 

is shown in Table 4.2. Isochron ages were calculated using the least squares method with 

correlated errors (York, 1969).

The computer program MODELS (McMaster, 1987) was used to model 'wAr/39Ar spectra 

shapes. MODELS compares experimentally generated age spectra data to computer generated 

model age spectra using a simplex function minimization algorithm. Details of the simplex 

algorithm are presented in McMaster (1987). MODELS is designed to minimize the sum o f the 

square of the difference between the experimental and model age for each fraction. Data points are 

weighted in direct proportion to the amount o f 39Ar released to allow the algorithm to concentrate 

on matching the largest fractions in any data se t A cylindrical model is used for biotite and white 

mica argon diffusion, which occurs normal to the (001) crystallographic direction (Hames and 

Bowring, 1994). The spectra, or selected portions o f spectra, were modeled with a single argon 

loss model, and only those which converged on discrete values (initial age, reset age, % 39Ar loss) 

are shown here.
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4.5.2 Results and interpretation of^Ar/^Ar spectra
The results o f step-heating analyses, and the ““ Ar/^Ar age spectra, Ca/K, and Cl/K spectra, 

and inverse isochron plots shown in Table 4.2, and Figures 4.5 and 4.6 respectively, yield 

geologically reasonable results. Details o f the step-heating analyses are presented in Werdon and 

others (1998).

Biotite phenocrysts from the three Drenchwater alkaline hypabyssal intrusions yield simple, 

relatively flat spectra with plateau ages o f 335 ± 2 Ma, 336 ± 3 Ma, and 337 ± 3 Ma (Figs. 4.5^4- 

C). Lowering o f apparent ages in low temperature fractions is attributed to argon loss by diffusion 

from grain margins and (or) from less retentive sites. Modeling suggests up to 7 percent argon loss 

is associated with partial resetting events at 6 6 , 126, and 130 Ma (Table 4.2), and that the plateau 

age o f DWKH is ~2 Ma lower than its true age due to argon loss during the reset event. The 

biotite spectrum from the Aqqaluk alkali gabbro intrusion at Red Dog (MBWBIO) is disturbed and 

reflects minor alteration by chlorite and partial resetting (Fig. 4.5£>). The spectrum yields a 

plateau age o f 344 ± 3 Ma. It could not be modeled as a single or double argon loss event, 

therefore it is likely the biotite has experienced a complex history and that more than one heating 

and argon degassing event occurred in the Red Dog area after emplacement o f the alkali gabbro.

Inverse isochron plots for the above biotite analyses are presented in order o f increasing degree 

o f chlorite alteration and resetting (Figs. A.6A-D). Biotite samples DW10 and DW 12 are relatively 

fresh and appear to be unaltered in thin section. Biotite sample DWKH is slightly altered to 

chlorite, and is from an intrusion which has been hydrothermally altered, either by seawater 

circulation or by mineralization-related hydrothermal fluids. Biotite sample MBWBIO is partially 

altered to chlorite as well. Inverse isochron plots o f  these samples record progressive 40Ar loss by 

diffusion towards grain margins and (or) from less retentive sites. Biotite sample DWKH has also 

lost3 6Ar. Fractions which correspond to plateau fractions in the age spectra are highly radiogenic 

and cluster near the x-axis. The lowest temperature fraction in each case (except DW10) shows 

contamination, perhaps with atmospheric argon.

The whole rock age spectrum from the hydrothermal white mica altered igneous sill(?) at Red 

Dog is relatively flat in the central fractions but drops to lower apparent ages in the high and low 

temperature fractions (Fig. 4.5E). The plateau age of 314.5 ± 1.0 Ma excludes the reset lowest 

temperature fraction, and the high temperature fractions, which are influenced by a Ca-bearing
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phase (perhaps minor hornblende). The plateau records the time at which the hydrothermally 

crystallized white mica became closed to argon loss. The sample is from the margin o f the main 

deposit at Red Dog; therefore hydrothermal activity in vent areas could extend to a younger age. 

The inverse isochron plot for sample MBWWR is relatively complex (Fig. 4 .6E). The first 

fraction suggests the sample has undergone minor argon loss. The five fractions which form the 

plateau in the age spectra (fractions 2 -6 ), plot near the x-axis in the inverse isochron plot, and are 

the most radiogenic fractions. High temperature fractions are interpreted as mixing between the 

hydrothermal white mica and a highly degassed? hornblende.

The age spectra from siliceous mudstone whole rock samples adjacent to quartz-sulfide feeder 

veins at Red Dog do not form a plateau and are classic examples o f  th e 39Ar recoil problem (Fig. 

4.5F). Recoil effects are manifested by enhancement o f ,wAr/39Ar (or apparent age) in low 

temperature fractions from a  poly-minerallic sample (with both low and high K minerals), and 

depression o f 4 0Ar/39Ar (or apparent age) in high temperature fractions (Turner and Cadogan,

1974). No geologically meaningful ages were obtained from either the age spectra or the inverse 

isochron diagrams (Figs. 4.6F-G).

The Koiyaktot Mountain continental tholeiitic gabbro spectrum (91Pe49) can be interpreted in 

terms o f the degassing o f plagioclase, biotite, pyroxene and possibly hornblende? (Fig. 4.5G). 

Biotite is interpreted to be the predominant K-bearing mineral, but high Ca/K and Cl/K ratios 

indicate a significant contribution o f  argon from the other minerals as well. The age spectra 

exhibits two downward-stepping plateaus. In their study o f basalt mineral separates, Turner and 

others (1972) determined that lowering o f apparent ages in high temperature fractions is associated 

with pyroxene, whereas intermediate fractions reflect contribution o f argon from plagioclase. In 

several cases they found that the portion o f the plateau attributed to plagioclase is consistent with 

Rb/Sr ages and therefore may reflect the age o f the basalt The Koiyaktot Mountain gabbro 

spectrum also reflects a significant contribution o f argon from biotite in the central region 

characterized by relatively low Ca/K ratios. The lower temperature plateau has an age o f 268 ± 11 

Ma, and although the error limit is large, the continental tholeiitic gabbro sill is clearly younger 

than the alkaline hypabyssal rocks at Drenchwater and Red Dog. An inverse isochron plot for the 

gabbro shows that the four fractions defining the lower temperature downward-stepping plateau
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also form an isochron (Fig. 4 ,6H). The isochron age is interpreted to reflect predominantly biotite, 

and may more closely estimate the age o f the gabbro (276 ±  15 Ma).

The spectra for the sandstone whole rocks are more complex and must be interpreted with care. 

Most o f the sandstone spectra have progressively downward-stepping apparent ages (toward lower 

temperature fractions), with or without relatively flat "plateau" areas (Figs. 4.5H-O). Kirschner 

and others (1996) cite several models for how downward-stepping staircase shaped spectra could 

be produced from white mica separates including: I) a single mica population with diffusional 

argon loss, 2 ) mixtures o f  mica populations of differing ages, 3) preexisting and thermally 

overprinted micas, 4) micas o f differing grain sizes, and 5) preexisting and neocrystallized micas.

Sulfur isotope pairs suggest the maximum temperature for sulfide deposition in the Kady vein- 

breccia prospect is about 250°C (Werdon, in press). Since temperatures did not reach the closure 

temperature for igneous and metamorphic muscovite, which is reported to be between 350° and 

430°C (McDougall and Harrison, 1988; Kirschner et al., 1996), thermal overprinting o f detrital 

grains and argon loss strictly by diffusion is unlikely. The Endicott Group sandstones are Upper 

Devonian to Lower Mississippian in age and therefore only apparent ages older than ~ 360 Ma 

could be produced by mixing detrital micas o f differing ages. It is likely that detrital white micas 

(of varying sizes, thermal histories, sources, and ages) have been thermally overprinted by heat 

from the veins (or regional thermal events), with probable argon loss by diffusion and locally by 

hydrothermal recrystallization. Hydrothermal recrystallization o f  detrital white mica at 

temperatures around 250°C suggests the closure temperature o f the recrystallized white mica 

would be approximately 250°C as well.

We interpret the sandstone spectra to reflect the combined argon release patterns o f detrital (± 

hydrothermally recrystallized) white mica, and to a much lesser extent, illite, biotite and 

hornblende. Observed spectra shapes can be explained by variations in proportions o f the mineral 

phases, and the degree o f  recrystallization o f the detrital white mica. Ca/K and CI/K ratios are 

used to define areas dominated by the various mineral phases (e.g. white mica does not contain Ca 

or Cl, biotite does not contain Ca and has low Cl values, and hornblende has high Ca/K ± high 

CI/K ratios).

The two spectra obtained from Kady samples 47a and 47c are relatively flat in their central 

portion, and have "plateaus" with apparent ages o f 324 ±  2 Ma and 325 ±  2 Ma (Figs. 4.5H-[).
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Recrystallized white mica is interpreted to form the relatively flat portion o f  the spectra, which 

corresponds to regions o f low Ca/K and Cl/K ratios. The plateau steps up towards a small flat 

plateau within the low Ca/K and Cl/K ratio area which is interpreted to record the approximate age 

o f detrital white mica in the sample. High Ca/K and Cl/K ratios suggest hornblende is responsible 

for the old apparent ages in the highest temperature fractions but it was not observed in thin 

section. The highest temperature fractions indicate the sandstone contains detrital components with 

minimum ages >530 Ma (Table 4.2). Modeling o f the recrystallized white mica portion o f the 

spectra and the reset low temperature fractions suggests minor degassing (< 5 %) occurred at 117 

and 194 Ma. This is consistent with the less than 7 percent degassing observed in biotite from 

Drenchwater.

Kady samples 47a, 47b, and 47c form similar patterns in inverse isochron plots (Figs. 4.6/-K). 

Differences are due to slight variations in the proportions o f the various mineral components.

Black shaded error ellipses correspond to plateau fractions which are interpreted to represent 

recrystallized white mica. Samples 47a and 47b form isochrons with ages o f 324 ± 2 Ma and 324 

± 3 Ma, which are similar to their plateau ages. Recrystallized white mica fractions in 47c are 

radiogenic, cluster near the x-axis, and do not form an isochron. In the age spectra for Kady 

sample 47a (Fig. 4.5H) there is a small flat region which is interpreted to reflect detrital white 

mica. The three fractions form an isochron which estimates the age o f the detrital white mica (369 

± 3 Ma; Fig. 4.61).

The shape o f the age spectrum from west Kivliktort Mountain is similar to those from Kady 

(Fig. 4.5J). The main difference is the excess argon component in the lower temperature fractions 

in the west Kivliktort Mountain spectra. The plateau, selected from the region between fractions 

influenced by excess argon and the upward stepping mixing zone with detrital white mica, yields an 

age o f 319 ± 2 Ma for recrystallized white mica. Fractions 7-13 are interpreted to represent 

recrystallized white mica and form a well defined isochron (Fig. 4.6L) with an isochron age o f 312 

± 3 Ma. The isochron verifies the presence o f excess argon (4 0Ar/36Ar = 414 ± 28). The low 

temperature fractions in the age spectra were then corrected for the excess argon using the method 

of Heizler and Harrison (1988), and we calculated a corrected plateau age o f 314 ± 2 Ma (Fig. 

4.5J).
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The three spectra from Husky give different plateau age estimates (Figs. A.5K-M). Sample 

H59.5' is from the margin o f a folded quartz-sphalerite-galena vein, and the galena in this vein has 

lead isotopic ratios identical to those o f the Carboniferous shale-hosted massive sulfide deposits. 

Three plateaus are present in the age spectra for sample H59.5' (Fig. 4.5M). The highest 

temperature fractions have high Ca/K ratios, which indicate the presence o f  detrital hornblende 

with a  plateau age o f 356 ± 3 Ma. Recrystallized white mica is interpreted to form the relatively 

flat portion o f  the age spectra (267 ± 2 Ma), which corresponds with regions o f low Ca/K and 

Cl/K ratios. The small plateau (at ~87% 39Ar released) occurs within an area o f increasing Ca/K 

and Cl/K ratios and it has an apparent age o f 325 ± 3 Ma. Since the plateau age is younger than 

the Upper Devonian age o f  the host rock, the plateau cannot be attributed to detrital white mica. 

The plateau can either be interpreted as 1) mixing o f argon released from recrystallized white mica 

and hornblende, or as 2) white mica recrystallized during a Carboniferous heating event. In 

samples that show mixing between recrystallized white mica and detrital white mica and 

hornblende (e.g. Fig. 4 .6 / and 4 .6 /) the error ellipses form mixing lines between areas 

corresponding to plateaus for the various minerals. Unlike these samples, the inverse isochron plot 

for sample H59.5' (Fig. 4.6Af) shows a  cluster o f radiogenic fractions near the x-axis that 

correspond to the fractions in the 325 ±  3 Ma plateau. Therefore we interpret the plateau to 

represent a Carboniferous heating event, as suggested by the lead isotopic ratios.

Husky samples H I23 and HI23b are from the same hand specimen and they were cut from the 

margin o f a vein-breccia zone that is oriented sub-parallel to the axial plane o f a  Mesozoic 

anticline. Galena from this vein has lead isotopic ratios slightly more radiogenic than those o f the 

Carboniferous massive sulfide deposits (Fig. 4.4). The 4 0Ar/39Ar age spectra for samples H I23 

and H123b yield plateau ages o f 337 ± 3 Ma and 291 ± 2 Ma respectively (Figs. 4.5K-L). Inverse 

isochron plots for Husky samples H123 and H123b (Figs. 4 .6N-0) are similar to those for Kady 

and west Kivliktort Mountain (Figs. 4.6I-L), and are interpreted in the same way. Unlike Husky 

sample H59.5’, the age spectra and inverse isochron plots for samples H I23 and HI23b do not 

reflect a  Carboniferous heating event. Therefore we interpret the veined area adjacent to samples 

H 123 and HI23b to represent remobilized mineralization emplaced along a  Mesozoic fault, as 

suggested by the lead isotopic ratios. Since veins in this area are very thin (^  4 cm), the 

recrystallized white mica likely records regional heating events instead o f  hydrothermal events.
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The Vidiee vein-breccia occurrence is located just south o f the Toyuk Thrust (Fig. 4 . 1 ), a 

Mesozoic fault which separates coarser-grained facies o f  the Endicott Group to the north from 

finer-grained facies to the south (Brog6  et al., 1979; Moore et al., 1989). Regional structural 

models suggest the earliest activity along the Toyuk Thrust occurred around-130-140 Ma (Moore 

et al., 1994). The 4 0Ar/39Ar spectrum for Vidiee shows very little influence from minerals with 

high Ca/K and Cl/K ratios except in the highest temperature fractions (Fig. 4.5N). The relatively 

flat portion o f  the spectra suggests resetting o f the argon component, by recrystallization o f detrital 

white mica in the sandstone, occurred during Mesozoic deformation. The slight rise in the age 

spectra suggests the presence o f excess Ar, therefore the poorly defined plateau age o f 170 ±  1 Ma 

only provides a  maximum age estimate for faulting. No meaningful ages were obtained from the 

inverse isochron plot (Fig. 4.6P).

Aiiiiough the ^A r/^A r spectrum reflects the Mesozoic age of the Toyuk Thrust fault, the lead 

isotopic ratio from galena at the Vidiee vein-breccia occurrence is statistically indistinguishable at 

2a  from those o f  galena in the shale-hosted Red Dog, Lik and Drenchwater massive sulfide 

deposits (Gaccetta and Church, 1989). Any Carboniferous argon signature at Vidiee, if h was 

present, has been completely overprinted by the later deformational event. Therefore the 4 0Ar/39Ar 

method cannot be used to constrain the timing o f mineralization at the Vidiee occurrence.

T h e 40Ar/39M  spectrum from the Story Creek vein-breccia occurrence does not form a flat 

plateau (Fig. 4.50). Sandstone clasts within the sulfide-cemented breccia sample from Story 

Creek contain only trace recrystallized detrital white mica. Detrital white mica fractions with low 

Ca/K ratios form a cluster o f  highly radiogenic fractions near the x-axis in the inverse isochron 

plot (Fig. 4 .6 0 .  The first seven fractions form an isochron, which indicates an age o f 364 ± 5 Ma 

for the detrital white mica. Since the Story Creek sample was cut from a sandstone clast within an 

8  cm wide sulfide-cemented breccia zone, if the mineralization is Carboniferous, temperatures may 

have been too low to recrystallize detrital white mica. Alternatively, some breccias and thin 

quartz-sulfide veinlets at Story Creek are oriented parallel to the trend o f small-scale Mesozoic 

thrust faults and folds (Ellersieck et al., 1990). The breccia mineralization could be remobilized 

from adjacent and underlying, potentially Carboniferous(?) vein mineralization, which has 

recrystallized detrital white mica in wall rocks.
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4.6 Discussion
The plateau and isochron ages calculated from the 4 0Ar/39Ar laser step-heating analyses are 

used to construct a geologic history o f events in the north-central and northwestern Brooks Range 

(Fig. 4.7). Volumetrically minor, within plate alkaline hypabyssal intrusions at Red Dog and 

Drenchwater were emplaced from approximately 344 Ma to 336 Ma in a continental extensional 

environment Carboniferous Sedex mineralization has an estimated maximum age o f 337 Ma, 

since sulfides cut and replace tuffs and hypabyssal intrusions at Drenchwater. The plateau age 

determined from the hydrothermal white mica altered sill within the Red Dog deposit (MBWWR) 

suggests hydrothermal fluids cooled below the argon closure temperature for hydrothermal white 

mica at approximately 314 Ma. Since the sample is from the margin o f the main deposit, 

hydrothermal activity could extend to a younger age in vent areas at Red Dog.

The plateau and isochron ages o f recrystallized white mica in sandstone adjacent to sulfide- 

bearing veins at Kady, west Kivliktort Mountain, and Husky (H59.5') fall within the independently 

estimated time frame for Carboniferous Sedex mineralizing events. Recrystallized white mica at 

Kady is only present immediately adjacent to the vein-breccia zones 6  mm; Werdon, in press), 

which indicates the recrystallization o f  the white mica is related to hydrothermal processes. 

Sandstones adjacent to narrow vein-breccia zones may not have reached high enough temperatures 

to recrystallize detrital white mica.

Most sulfide-bearing vein-breccias (and spatially associated disseminated Zn and Pb sulfides) 

are interpreted to be broadly coeval with the timing of Sedex mineralization. Local minor 

Mesozoic remobilization o f sulfides within or adjacent to Carboniferous vein-breccia occurrences 

is suggested by field relationships (where available), relatively radiogenic lead isotopic ratios, and 

potentially the lack o f hydrothermally recrystallized white mica (e.g. Story Creek). 4 0Ar/39Ar 

constraints on the timing o f Carboniferous Zn-Pb-Ag mineralization can also be used to refine the 

three-stage lead growth curve for the Brooks Range o f Church and others (1987).

There is a compositional change to within plate continental tholeiitic gabbro magmatic activity 

around 276 ± 15 Ma. Although based on a limited number o f samples, the transition with time 

from within plate alkaline magmatism to within plate tholeiitic magmatism is consistent with 

Goodfellow and others (1993) model for progressive episodic extension in continental extensional 

basins worldwide which host Sedex deposits.
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Sandstone whole rock ^Ar/^A r spectra also record a  two-stage resetting history for the Kady, 

Husky (59.5'), and west Kivliktort Mountain Zn-Pb-Ag vein-breccia prospects. Reset ages 

determined from modeling o f the Kady and Drenchwater spectra, and maximum reset ages 

estimated from the lowest temperature fraction in the other spectra, are consistent with structural, 

stratigraphic and fission track estimates o f  the timing o f deformation and uplift (and related 

cooling) events in the northern Brooks Range. The degree o f Mesozoic heating and argon 

degassing is greater near the Toyuk Thrust as evidenced by the recrystallized and reset micas 

within sandstone at the Vidlee vein-breccia occurrence.

Relict inherited argon signatures from detrital white mica and hornblende are reflected in the 

high temperature fractions o f the sandstone whole rock spectra. Non-recrystallized detrital white 

mica ages determined from the sandstone whole rock spectra yield apparent ages between 356 and 

375 Ma (Table 4.2, Fig. 4.7). This relatively uniform age range allows us to tentatively suggest 

that the detrital micas were derived from rocks that were heated, reset, and trapped argon during 

the cooling stages of the Ellesmerian Orogeny. Anderson and others (1994) and Mull and 

Anderson (1991) estimate the timing o f the Ellesmerian Orogeny to be pre-Middle Devonian. The 

relatively old apparent ages reflected in the highest temperature fractions in the sandstone whole 

rock spectra (up to ~IGa) suggest the source area for the sediments o f the Endicott Group 

contained rocks as old as Precambrian.

4.7 Conclusions
Sulfur isotopic pair temperature estimates from the Kady vein-breccia prospect suggest that 

detrital white mica can be recrystallized by relatively low temperature hydrothermal fluids 

(<250°C; Werdon, in press), and that argon resetting during this process can record hydrothermal 

ages. Samples should be selected adjacent to the highest temperature regions o f a  deposit in order 

to increase the possibility o f finding recrystallized detrital white mica. The closure temperature o f 

the fine grained hydrothermally-recrystallized white mica is considered to be at or near the 

recrystallization temperature (~200° to 250°C), which is considerably less than the closure 

temperature range (-350° to 430°C) reported for igneous and metamorphic muscovite (McDougall 

and Harrison, 1988, Kirschner et al., 1996). This lower closure temperature allows the 

recrystallized white micas to record (and to be erased by) later low temperature resetting events. In
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order for recrystallized white mica to record two resetting events, the second event must be of 

lower temperature than the first. Thermal and fluid mediated recrystallization o f  detrital white 

mica (e.g. the Carboniferous event) may be more efficient at resetting the argon signature, than 

thermal resetting (probably by argon diffusion) during a  deformational event.

The 4 0Ar/39Ar laser step-heating method provides several advantages over other techniques.

The laser step-heating method requires very small samples (approximately <1 mm3), which was 

important in this study since recrystallized white mica alteration halos in sandstone were very 

limited, and samples immediately adjacent to the veins were affected most intensely by the 

hydrothermal event. Since the laser technique requires very small sample sizes, one can select 

samples with the maximum potential for recording hydrothermal recrystallization o f detrital white 

mica and (or) highest illite crystallinity. Using small whole rocks chips also eliminated the need for 

time consuming mechanical separations. Mature sandstones with as few K-bearing minerals as 

possible (other than white mica) should be selected when examining low temperature resetting 

events. The 4 0Ar/39Ar laser step-heating method also has the potential for seeing through the effects 

of minor late resetting events. For modeling purposes, the heating schedule should be optimized 

for the part o f the spectra o f interest. The 4 0Ar/39Ar laser step-heating method potentially can be 

used to provide absolute dates for a wide variety o f formerly undateable or difficult to date deposit 

types, particularly in structurally disturbed areas where other methods have failed.
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Fig. 4.2. Trace element discrimination diagram for volcanic and hypabyssal intrusive rocks. 
Drenchwater field boundary and data from Werdon (1996). Diagram from Winchester and 
Floyd (1977).
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Fig. 4.3. Tectonic setting o f  mafic rocks in the northern Brooks Range. Diagram from Pearce 
and Cann (1973).
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Fig. 4.4. Lead isotopic ratios o f galena from Zn-Pb-Ag shale hosted massive sulfide (circles), 
and vein-breccia and disseminated (inverted triangles) mineralization in the northern Brooks 
Range, Alaska. Relatively radiogenic lead is present in two samples from Husky and one from 
west Kivliktort Mountain (squares). Data is from Gacetta and Church (1989), Kurtak and others 
(1995), and Werdon (1998). Errors in the lead isotopic ratios are less than 0.1 percent at the 95 
percent standard error o f  the mean confidence interval (2<r). Data have been corrected for 
thermal fractionation using the NBS SRM-981 common-Pb standard. Lower curve is the two- 
stage lead growth curve o f  Stacey and Kramers (1975). Upper curve is the three-stage lead 
growth curve for the Brooks Range proposed by Church and others (1987). Vertical best-fit line 
through data with correlated errors (York, 1969) excludes the radiogenic Husky and west Kivlik
tort Mountain samples and the less-radiogenic Safari Creek sample.
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connect sequential la  error ellipses. Isochrons (MSWD (mead standard weighted deviation) 
<2.5) and errorchrons (MSWD >2.5) are shown with lines labeled with mineral phase. 
Fractions were fit to a line using the least squares with correlated errors method (York, 1969).
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Fig. 4.7. Summary o f  geologic ages and interpreted events in the northern Brooks Range.
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Table 4.1. XRF analyses o f  igneous rocks. Major and trace element analyses were determined on 
the University o f  Alaska Fairbanks wavelength-dispersive Rigaku 3064 XRF machine. The 
procedures o f Norrish and Hutton (1969) were followed, including the use o f well-characterized 
natural rock standards.

Sample S O ; M r A M * FesOT MnO MgO CaO N «jO M > PsO, Tool Ba Ce Nb Rb Sr Y Zr

KcnyaJaoc Mountsm 

9!P©49 49 I 75 116 1X9 0.2 101 110 17 02 0 1 99 56 16 6 8 290 15 65

Red Dog * Aqqakik 

M BW BIO  52 1.65 115 E 1.2 003 96 93 30 0 4 035 99 34 20 125
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Table 4.2. Summary of ̂ Ar/^Ar laser step-heating data

Sample descriptions 
(width of vein-breccia zone 
adjacent to sandstone samples)

Mica diam
eter in p, 

(max., ave.)

Plateau age 
(M ai la)

%«Ar
in

plateau

Isochron or 
errorchron age 

(M ai la)

^Ar/^Ar Mf.WD Minimum 
inherited 
age (Ma)

Model data* 
T0 T, 
(Ma) (Ma)

F
(%)

Maximum 
reset age 
(Ma)

BIOTITE
Drenchwater

DWKH - trachyandesite -3  mm 335.1 ±2 3 73.0 337.0 125.5 6.75 161
DW12 - trachyandesite -2  mm 336.6 ±2.9 92.3 337.4 65.7 1.40 160
DW10- alkali gabbro - I  mm 335.7 ±2.8 89.9 335.9 129.5 1.48 228

Red Dog -  Aqqaluk
MBWBIO-alkali gabbro -400 343.7 ±2.7 71.9 41

HYDROTHERMAL WHITE MICA
Red Dog

MBWWR - white mica altered 20, £10 314.5 ±1.0 69.5 221
sill, cut by sulfide veins

GABBRO WHOLE ROCK
Koiyaktot Mountain - 91Pe49 -0.5 mm 268.5 ±10.9 50.5 276.4 ±14.8 292.3 ± 3.0 7e-4 108

SANDSTONE WHOLE ROCKS
Husky

H59.5 (1 cm) 50, £10 266.8 ±2.3 69.1 264.6 ±2.2 340.1 ±36.3 5.6 360 196
325.0 ±3.3 4.4

355.7 ±2.9(hbl) 8.4 359.7 ±6.2(hbl) 239.9 ±91.5 0.1
H123 (4 cm) 20, £10 337.3 ±2.6 47.3 342.7 ±2.5 316.4 ±20.6 5.1 490 284
H123b (4 cm) 20, £10 290.5 ±2.1 50.0 288.3 ±2.1 363.4 ±22.9 1.5 1070 261

374.6 ±3.6(dm) 13.5 374.6 ±3.6(dm) 293 ±19.9 0.7
Kady

47a (1.5 m) 40,20 323.8 ±1.6 54.9 323.8 ±2.1 240.5 ±14.0 3e-5 636 327.6 116.8 1.93 136
369.1 ±3.3(dm) 259.9 ±37.1 6e-4

47b (1.5 m) 40,20 324.2 ±3.0 304.6 ±26.3 2.4 430
47c (1.5 m) 40,20 325.0 ±1.6 35.5 530 331.7 194.0 5.10 211

Story Creek (8 cm) 363.9 ±4.8(dm) 268.0 ±2.8 4e-2 485 255
419.0 ±3.7(hbl?) 336.6 ±8.4 5e-3

Vidlee (-2 cm) 170.1 ±1.3 34.1 875 163
West Kivliktort Mountain (50 m) 20, £10 319.4 ±2.1 33.8 312.1 ±3.4 413.6 ±27.7 0.3 963 30

314.3 ±2.1' 38.2
356.3 ±8.0(dm) 354.2 ±56.8 0.5

Abbreviations: wr - whole rock, T0-  initial age, T j -  reset age, F -  fraction of Ar loss, (hbl) hornblende, (dm) detrital white mica
Corrected for excess argon ^

£
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Chapter 5

Conclusions

5.1 Regional Geology
Because the formation o f sediment hosted base metal deposits is often intimately linked to the 

development o f the basin from which they are derived, the timing of deposit formation with respect 

to basin evolution must be considered. 4 0Ar/39Ar laser step-heating data provide a wealth o f 

information on the Upper Paleozoic geologic history o f the northern Brooks Range. Mixed 

continental-marine clastic sediments o f  the Endicott Group were deposited in Upper Devonian to 

Lower Mississippian time. High temperature fractions in age spectra o f sandstone whole rock 

samples indicate clastic material within the Endicott Group was derived from sources as old as -1 

Ga. Relict detrital white mica signatures in 40Ar/39Ar age spectra and inverse isochron plots 

indicate that detrital white mica grains within the Endicott Group cooled through their argon 

closure temperature (~350° C) between 356 and 375 Ma. The relatively uniform age range of 

these micas throughout the north-central and northwestern Brooks Range suggests the micas may 

have been derived from source areas that experienced a metamorphic event. The mica ages may 

have been set during cooling following the Ellesmerian Orogeny, a collisional event with an 

estimated pre-Middle Devonian age (Mull and Anderson, 1991; Anderson et al., 1994).

Earliest Lower Mississippian time is marked by a regional transgression o f marine shale and 

carbonate rocks o f the Kayak Shale Formation over coarser grained clastic facies o f the Endicott 

Group. In the north-central Brooks Range the Lower Mississippian Kayak Shale, as well as the 

coeval sandier facies, the Isikut Formation, contains locally abundant felsic volcanic tuffs and 

agglomerate (Mull and Werdon, 1994). In the north-central and northwestern Brooks Range the 

Endicott Group is depositionally overlain by basinal sedimentary rocks o f the Mississippian to 

Pennsylvanian Lisburne Group. These basinal sedimentary rocks host Sedex mineralization and 

are characterized by numerous facies changes, which Moore and others (1986) attribute to fault- 

bounded grabens produced during crustal extension. The presence of restricted circulation within
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these basins is suggested by black carbonaceous shale and siliceous mudstone deposited under 

dysaerobic to anaerobic conditions (Dumoulin et al., 1993). Regionally there are minor 

occurrences o f  tuffaceous and hypabyssal intrusive rocks throughout the northern Brooks Range 

within various facies o f the Lisbume Group (Robinson et al., 1989; Peace, 1979; Young and 

Moore, 1987; Moore etal., 1992; Mayfield et al., 1982; Moore etal., 1986). Volcanic and 

hypabyssal intrusive rocks in the Red Dog and Drenchwater areas are alkaline and range from 

felsic to mafic. The alkaline rocks at Drenchwater and Red Dog range in age from 343 to 336 Ma.

Sedimentary exhalative massive sulfide deposits are thought to occur either in fault-controlled 

embayments in continental margins (e.g. Selwyn basin district) or in intracratonic rift basins (e.g. 

Mt. Isa, Australia) (Large, 1983; Goodfellow et al., 1993). Since the northern Brooks Range 

Sedex deposits occur within a predominantly clastic basin, an intracratonic or continental margin 

basin setting is likely. Sawkins (1990) and Goodfellow and others (1993) consider most sediment 

hosted massive sulfide deposits to be related in terms o f their lithologic setting to the advanced 

stages o f rifting. Goodfellow and others (1993) also conclude that most Sedex deposits formed 

during post-rift reactivation of extensional structures and not during the initial stages o f  continental 

breakup. In contrast, trachyte, trachyandesite, and alkali basalt have been thought to occur in 

association with the initial stages o f  continental rifting (Winchester and Floyd, 1977). Currently 

the tectonic setting in the northern Brooks Range during deposition of the Upper Devonian to 

Lower Mississippian clastic Endicott Group is poorly known. Therefore, the alkaline igneous 

rocks at Red Dog and Drenchwater could represent the products of incipient continental rifting in 

Mississippian to Pennsylvanian(?) time, or the products o f post-rift reactivation o f earlier (pre- 

Mississippian) extensional structures.

Within-plate continental tholeiitic gabbro magmatic activity occurred around 276 ± 15 Ma in 

the north-central Brooks Range. The transition with time from within-plate alkaline to tholeiitic 

magmatism is consistent with the model o f Goodfellow and others (1993) for progressive episodic 

extension in continental extensional basins worldwide which host Sedex deposits. In Permian time, 

the restricted basins became open to circulation and the water column became oxygenated. This 

interpretation is supported by the change from black, carbonaceous lithologies in restricted basins 

to regionally-distributed red and green marine lithologies o f the Permian to Pennsylvanian(?) 

Siksikpuk Formation of the Etivluk Group. Permian extension, and subsequent cooling and 

subsidence o f  the crust, may have contributed to the opening o f the restricted basins to circulation.
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5.2 Zn-Pb-Ag Mineralization
The Drenchwater Zn-Pb-Ag deposit exhibits features o f both volcanogenic massive sulfide and 

sediment-hosted deposits. The spatial association o f mineralization with volcanic rocks, and 

alteration patterns centered about intrusions is consistent with volcanogenic massive sulfide 

models. The lack o f  copper and stringer-type mineralization, the small percentage o f  high 

temperature alteration minerals, the laterally extensive silicification and mineralization, and the Zn- 

Pb-Fe-F-Ag metal assemblage point to a dominantly lower temperature basinal fluid source, more 

similar to that o f a Sedex deposit. The Drenchwater deposit is considered to be related to the other 

northern Brooks Range Sedex deposits because they are hosted by similar basinal facies o f the 

Kuna Formation, their lead isotopic ratios are identical, and they formed within the same time 

frame. There is a close temporal and in some cases spatial relationship between the northwestern 

Brooks Range Sedex deposits and felsic through mafic, alkaline volcanic and hypabyssal intrusive 

rocks, and therefore Drenchwater is interpreted to be an igneous rock-rich end-member o f the 

Sedex deposit type. Mississippian to Pennsylvanian(?) movement along deep basement faults 

provided a conduit for alkaline magma, and metal-bearing basinal fluids to migrate upward. The 

alkaline rocks pre-date sulfide mineralization, and are evidence for an elevated geothermal gradient, 

which may have heated basinal fluids.

Carboniferous Sedex mineralization has an estimated maximum age o f 337 Ma, since sulfides 

cut and replace volcanic rocks at Drenchwater. The plateau age determined from the hydrothermal 

white mica altered volcanic rock within the Red Dog deposit (MBWWR) suggests hydrothermal 

fluids cooled below the argon closure temperature for hydrothermal white mica at ~ 314 Ma. Since 

the sample is from the margin o f  the main deposit, hydrothermal activity could extend to a younger 

age in vent areas at Red Dog.

T he 4 0Ar/39Ar plateau and isochron ages of recrystallized white mica in sandstone adjacent to 

sulfide-bearing vein-breccia zones at Kady, west Kivliktort Mountain, and Husky (H59.5') fall 

within the independently estimated time frame for Carboniferous Sedex mineralizing events. 

Recrystallized white mica at Kady is only present immediately adjacent to the vein-breccia zones 

(£ 6  mm), which indicates the recrystallization of the white mica is related to hydrothermal 

processes. Local minor Mesozoic remobilization o f sulfides within or adjacent to several 

Carboniferous vein-breccia deposits is suggested by field relationships (where available), relatively
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radiogenic lead isotopic ratios, and potentially the lack o f hydrothermally recrystallized white mica 

in sandstone wall rocks.

Although there are local variations, in general the features observed in the Kady vein-breccia 

and disseminated sulfide prospect are similar to those o f the numerous Endicott Group hosted Zn- 

Pb-Ag vein-breccia and disseminated sulfide occurrences throughout the north-central and 

northwestern Brooks Range. The mineralized vein-breccia zones at Kady contain brecciated and 

veined sandstone produced by minor tectonic movement and (or) hydr-fracturing. The presence o f 

strata-bound zones o f very low grade disseminated sulfide mineralization adjacent to the vein- 

breccia zones suggests that silica and base metal-bearing fluids flowed through poorly cemented 

sandstone beds. This hydrothermal cementation o f  the sediments in the Endicott Group, along with 

a high fluid pressure (as evidenced by large rotated, displaced and (or) size-graded breccia clasts), 

helped support and preserve the fault structures. The sub-parallel mineralized zones at Kady are 

modeled as steeply dipping extensional faults along which up-flowing basinal fluids traveled and 

sulfides were deposited. Textural, mineralogical, and fluid inclusion data indicates that sulfides 

and quartz were deposited from slightly acidic, low salinity hydrothermal fluids, under evolving 

chemical conditions (i.e. decreasing temperature and pressure, and increasing pH,yb2, / s 2). Since 

the Endicott Group hosts the vein-breccia and disseminated sulfide occurrences, and underlies units 

which host Sedex mineralization, the elastics o f the Endicott Group may have been a potential 

source o f base metals. The Endicott Group has a favorable diagenetic history, but it is not possible 

to evaluate other basement sources since they have been structurally removed.

There are several reasons why a sedimentary exhalative deposit likely didn’t form above the 

Kady vein-breccia prospect. Although sulfur isotopic pairs and white mica 4 0Ar/39Ar closure 

temperatures indicate sulfides at Kady formed at a temperature around 220° C (and possibly as 

high as 250° C), these relatively low temperatures cannot alone explain the lack o f Sedex 

mineralization in Mississippian to Pennsylvanian age units in the north-central Brooks Range. 

Unlike the Red Dog and Drenchwater deposits, there are no volcanic sills or dikes within the 

Endicott Group in the Kady area. The Kady prospect may have had a shorter lived and (or) lower 

temperature system o f heat input

The presence o f sulfides within the Endicott Group suggests metal-bearing solutions 

encountered changing physical and (or) chemical conditions, which caused metals to drop out of
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solution before reaching the sea floor. Although there is no evidence for boiling within the Kady 

vein-breccia system, the hydrostatic pressure may not have been great enough to keep the 

hydrothermal fluids from boiling in the subsurface above the level o f the vein-breccia zones. I f  the 

water depth were great enough to prevent subsurface boiling, the low salinity values indicate that 

the ore fluids would be highly buoyant in seawater upon reaching the sea floor. The metals would 

be dispersed unless trapped in a highly restricted basin with an oxygen-poor water column. The 

above information suggests that evaluation o f  Carboniferous facies, and water depth estimates 

derived from them, are important to evaluating areas for their Sedex potential.
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Appendix A. Host rock and mineralization data for the Kady vein-breccia prospect.

Table A -l. Summary of field, petrographic, energy dispersive spectroscopy (EDS), and cathodoluminescence data for clastic and lesser 
carbonate rocks and mineralization in the Kady area. Units include the Kayak Shale (Mk), Kanayut Conglomerate (MDk), Noatak 
Sandstone (Dn), lower Noatak Sandstone (Dnl), and Hunt Fork Shale (Dhf), as well as mineralization (Min). Colors in cement and 
vein mineralization columns are cathodoluminescent colors. Abbreviations include: BQ-quartz with blue cathodoluminescent color, 
EDQ-early diagenetic quartz (non-cathodoluminescent colors), and MCQ-monocrystalline quartz.

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

l Dn sandstone breccia; angular sandstone clasts (S3 cm) floating in calcite. l.ighi tan-gray, 
fine grained, disseminated pyrite (<1%), porous-leached

EDQ, calcite calcite

2 Dn sandstone; gray-brown weathering, fine-medium grained, < 1 % disseminated pyrite, 
porous-leached, grains ofMCQ(48%), chcrt(49%), white mica, lithics, chlorite (after 
biotite?) & fine grained white mica/clay patches(3%)

EDQ, ankerite (partially 
replacing chert grains, ± 
altered to goethite), trace BQ

BQ

3 Min-Dn sandstone: gray-brown weathering, fine grained, porous-leached sandstone, quartz vein is EDQ, ankerite, minor sandstone cut by BQ veins (+
surrounded by carbonate flooding, grains of quartz, chert, & <3% while mica, fine grained siderite, BQ; ankerite sphalerite +
white mica patches, AlSi-clay grains, & lithics. extensively replaced chert 

grains
galena + pyrite + trace 
chalcopyrite?! late calcite) which 
are folded by foliation. One micritic 
carbonate vein with late chlorite

4 MDk sandstone: light gray-brown weathering, fine grained sandstone with planar beds, minor 
shale partings, AlSi-clay patches (after feldspar?)

EDQ, ankerite?, siderite, BQ

5 MDk siltstone & shale: maroon, tan & minor black, very fine grained, highly foliated goethite after siderite, small 
calcite patch

6 MDk shale: maroon
7 MDk sandstone: fine grained, abundant carbonate cement EDQ, siderite (replacing 

sandstone grains), BQ 
(replacing siderite)

8 MDk sandstone: fine-coarse grained; trace rutile? grains EDQ, siderite, minor 
ankerite, BQ, rutile? (floating 
in BQ)

BQ spatially associated with siderite

9 MDk conglomerate: quartz & chert grains up to 2.3 cm
10 MDk siltstone: red-brown, very fine grained, contains tracks & burrows EDQ, siderite, BQ BQ spatially associated with siderite
11 MDk sandstone: light gray to white weathering, fine-coarse grained, minor conglomerate 

pebbles
EDQ, minor ankerite, BQ minor quartz + carbonate + chlorite 

fractures & late ankerite veinlets
12 MDk sandstone: light green, fine grained, thin lens, minor disseminated pyrite EDQ, ankerite, BQ late ankerite micro-veinlets
13 MDk sandstone: light red weathering, light gray colored, fine grained, brecciated, porous- EDQ, trace ankerite or mineralizing fluids flowed through

leached sandstone with minor KAISi-clay? patches siderite, BQ sandstone; fractures of quartz + 
epidotc??? + sulfides

N)
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Table A-l (continued).
Sample Unit Field Description and Petrographic Observations Cements and Veins and Mineralization
number Paragenesis

14 MDk sandstone: light red weathering, light gray colored, fine grained, porous-leached EDQ, trace BQ? mineralizing fluids flowed through 
sandstone

IS MDk sandstone: light red weathering, light gray colored, fine grained EDQ thin veins of BQ + sphalerite + 
galena

16 Dn sandstone: brown weathering, fine grained, minor AlSi-clay grains, porous-leached EDQ, bright orange unknown 
carbonate, BQ, minor green 
unknown cement

17 MDk sandstone: red-brown weathering, fine-medium grained, thin bedded, porous-leached with abundant EDQ, ankerite, early ankerite veins cut by late BQ
grains of MCQ(55%), chert(30%), polycrystalline quartz( 10%), and other(5%). Brittle minor BQ; some carbonate veins
deformation cement replacing chert grains

18 MDk sandstone: gray, fine grained, massive bedded, quartz & small black chert grains, rutile, 
AlSi-clay? patches, minor disseminated pyrite

EDQ mineralizing fluids flowed through 
sandstone

I8.S MDk siltstone: brown weathering, very fine grained, porous-leached sandstone interbedded with 
shale
siltstone: brown weathering, interbedded with shale

ankerite pyrite -t- chalcopyrite* calcite veins

19 MDk ankerite
20 MDk sandstone: brown, fine-medium grained, abundant carbonate cement, thin bedded minor EDQ, ankerite 

(replacing quartz & chert 
grains, ± altered to goethite)

Ca-ankerite replacing quartz & chert 
grains, late ankerite micro-veinlets

21 MDk sandstone: light gray, medium grained, massive to cross bedded, porous-leached, entirely 
quartz cemented, slicks on ftacturc planes

EDQ

22 Min-
MDk

sandstone: breccia of rounded sandstone fragments cemented by rock flour & BQ, cut by 
late BQ veins. Sandstone is fine-medium grained, porous-leached

EDQ. BQ BQ + sphalerite + pyrite in fracture

23 Min-
MDk

sandstone: massive, cut by numerous sulfide-bearing quartz veins

23.5 Min mineralized breccia: chalcedonic quartz & sphalerite breccia chalcedonic quartz & sphalerite
24 Dn sandstone: medium gray, fine grained, interbedded with green, chloritic, foliated shale, 

area has lesser interbedded sandy carbonates & green, maroon & black shale. Grains 
composed of quartz, plagioclase(4%), white mica(8-10%), chlorite (after biotite?), chert 
(flattened, partially dissolved)

EDQ?, calcite (with trace Fe) abundant carbonate & minor quartz 
veining in the area

2Sa MDk sandstone: light gray, fine grained, large-scale cross beds, massive bedded, very porous- 
leached, slightly foliated, partial chert dissolution, grains of MCQ, chert, lithics, 
plagioclase(2-3%), white mica, trace zircon

EDQ micro-veinlets of BQ parallel to 
foliation adjacent to vein B

25b Min vein B: growth zoned quartz-galena-calcite veins cut sandstone 25a peripheral to main 
quartz-chalcopyrite-pyrite zone

growth zoned quartz (blue, tan, 
yellow)* galena with late calcite

26 Min mineralized vein-breccia zone: vein-breccia zone of quartz * 
chalcopyrite + pyrite, secondary 
azurite & malachite

27 MDk sandstone: fine-medium grained, large cross bed sets, porous-leached EDQ, minor ankerite, BQ minor gray quartz veinlets
28 MDk sandstone: light gray, fine-medium grained, porous-leached EDQ, trace BQ? mineralizing fluids flowed through 

rock
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Table A-1 (continued).
Sample 
number 

29

30

3!

32

33
34

35

36

37

38

39

40

41

42

43

Unit Field Description and Petrographic Observations Cements and 
genesis

Veins and Mineralization

sandstone & siltstone: brown to maroon, sandstone medium grained, siltstone very fine 
grained, interbedded shale, minor carbonate lenses, mangancse-oxidc coatings, rutile? grains

MDk sandstone: brown, fine grained, carbonate-rich

Min- sandstone: light gray, fine-medium grained, bleached, light red iron staining, porous-
MDk leached, reflective quartz surfaces, AlSi-clay patches, galena cement

MDk siltstone: maroon & black, fine grained, interbedded with shale

MDk shale: greenish-brown to black paper shale, highly foliated
MDk sandstone: grayish-green weathering, fine-medium grained, iron-stained, porous-leached,

cross-bedded sandstone with fining upward sets, minor conglomerate lag beds to 3 cm, 
interbedded with gray shale, disseminated pyrite, chlorite in sandstone 

MDk sandstone: light gray weathering, medium gray color, medium grained, massive, jointed, 
porous-leached sandstone with patches & disseminated pyrite (partially altered to goethite)

Dn sandstone: light greenish-brown, fine grained, massive, ± cross bedded, partially carbonate
cemented, porous-leached 

Dn saudstone: gray-green weathering, fine grained, porous-leached, minor pyrite patches,
cross bed sets to lm, sandstone breaks into thin planar pieces 

Dhf sandstone: brown weathering, fine grained, micaceous, porous-leached, iron-stained,
interbedded with black shale 

Dhf siltstone &  sbale: dark grayish green, interbedded with minor sandstone, fissile to thin
bedded, fractured, iron stained 

Mk? concretions: similar to those from the Kayak Shale near the Ivotuk airstrip, & elsewhere in
the Killik River & Howard Pass Quadrangles

MDk silty carbonate: dark reddish-brown weathering, with silver-blue weathering phosphatic
fossils, minor lens, grains of quartz (<30%)

MDk sandstone: light gray, fine-medium grained, porous-leached, uniform grain size, minor
slickenslides, cut by cleavage fractures 

Dn sandstone: light gray-brown weathering, fine-medium grained, porous-leached, thin
bedded, poikilitopic carbonate cement, disseminated pyrite altering to goethite

EDQ, ankerite (± goethite 
altered), siderite, (BQ & 
FcMnO(OH) replacing 
ankerite & siderite)
EDQ, abundant ankerite, BQ

EDQ, abundant BQ + 
disseminated galena, light 
neon green unknown cement 
minor EDQ, abundant 
ankerite, BQ

EDQ, goethite after 
carbonate, trace bright neon 
green unknown cement 
EDQ, zoned ankerite to 
siderite?, pyrite, BQ; minor 
carbonate replacement of 
sandstone grains 
EDQ, minor ankerite (± 
goethite altered)
EDQ, trace goethite after Fe- 
carbonate
EDQ, ankerite (± goethite 
altered)

central cracks filled with 
siderite, calcite & pyrite

phosphatic fossils in mixed 
siderite, unknown green & 
yellow cements 
EDQ, abundant BQ

minor EDQ, ankerite (minor 
replacement of sandstone 
grains, ± goethite altered),
BQ (replacing goethite), 
bright green unknown cement

abundant BQ + chalcopyrite veins

thin veinlct of gray quartz; BQ in 
diffuse vein?
mineralizing fluids passed through 
rock, cut by gray & BQ veins

early veins of BQ + siderite (vein 
rim)+ ankerite (center); late gray 
quartz veinlets

BQ-carbonate veinlets, may contain 
trace disseminated sphalerite + 
galena?
mineralizing fluids flowed through 
sandstone, out-crop cut by numerous 
quartz ± carbonate veins

late stylolites filled with carbonate

calcite + ankerite (± minor goethite 
altered) veins, & BQ veins
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Table A-l (continued).
Sample
number

44a

44b

45

46

47

48a

48b

48c

49

50

51
52
53

Unit Field Description and Petrographic Observations Cements and 
genesis

MDk

MDk

MDk

Dn

Dn

Fault

Min-Dn

Dn

sandstone: dark brown, fine grained, abundant goeihile (after poikilitopic carbonate 
cement), disseminated pyrite
sandstone: dark brown, medium-coarse grained, abundant goethite (after carbonate) 
cement, disseminated pyrite

coal & sandstone: light gray, fine grained, planar to cross bedded, carbonaceous sandstone 
interbedded with coal
sandstone: light brown, fine grained, slightly porous-leached

minor EDQ, goethite after 
poikilitopic Fe-carbonate, BQ 
EDQ, abundant goethite after 
siderite/ankerite (spatially 
associated with BQ; 
replacing sandstone grains), 
BQ; unusual bright orange 
carbonate replacing? goethite 
& BQ
EDQ + coal or carbonaceous 
plant material 
EDQ, ankerite, BQ

sandstone: light brown, fine grained, cross bedded, minor mud-chip conglomerates, 
porous-leached, disseminated pyrite, grains of MCQ(50%), cheri(42%), white mica(<l%), 
cherty argillite li(hics(7%), small KAlSi-clay or mica patches(l%), trace cpidote. Numerous 
mineralized quartz + calcite veins with green, 2-6 mm carbonate-removal halos, chert more 
deformed & irregularly shaped within alteration halo, detrital white mica grains 
pseudomorphed by recrystallizod white mica 
fault gouge: breccia corri,<oscd of angular crystalline calcite fragments floating in a matrix AlSi-clay, calcite, minor BQ
of AlSi-clay
sandstone: light greenish brown, fine grained, abundant carbonate cement

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

sandstone breccia: light greenish-brown, fine grained, porous-leached sandstone with 
rutile grains

Min veins: folded

Dn sandstone: light greenish brown, fine grained, porous-leached, outcrop cut by veins

MDk? sandstone: light brown, massive to thin bedded
MDk? sandstone & siltstone: maroon & green, fine grained, interbedded

Dn sandstone: light brown, medium grained, massive, poikilitopic carbonate lenses &
concretions

EDQ, ankerite (± goethite 
altered), BQ 
EDQ, carbonate

minor EDQ, ankerite ( t  
minor goethite alteration), 
BQ, trace pyrite; ankerite in 
concretion has replaced all 
chert & some MCQ grains. 
EDQ rims on grains are not 
present center of concretion

Veins and Mineralization

BQ veins, ± cut by micTo-veinlets of 
ankerite
late EQ + chlorite + siderite veins, 
late ankerite in sty lolitcs

numerous zoned siderite + ankerite 
+ calcite veins & veinlets 
growth zoned quartz vein with early 
BQ & chalcopyrite to late white 
quattz to late calcite in center; small 
BQ veinlets along vein margin

EDQ, ankerite, minor BQ; 
calcite? replacing sandstone 
grains
EDQ, calcite, very minor BQ early Ca-ankerite veins cut by vein 

of quartz (margin) & calcite 
(center); chalcopyrite, pyrite & 
galena associated with ankerite veins 
quartz + chalcopyrite + trace galena 
+ late calcite veins

veins of quartz pinch out/terminate 
into sphalerite & calcite
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Table A-1 (continued)
Sample Unit 
number

54

55
56
57

58

59

60 

61

62

63

64

65

66 
67a

67b

68

69

70

MDk-
Dn?

MDk?
Dn

MDk?

MDk?

MDk

Dn

Dnl

Dn

Dn

MDk?

MDk-
Dn?
MDk
MDk

MDk

MDk

MDk

MDk

Field Description and Petrographic Observations

conglomerate: gray/tan, carbonate cemented

Cements and 
Paragenesis

Veins and Mineralization

shale: dark grayish green, interbedded with sandstone 
sandstone: li^ht brown, poikilitopic carbonate cement
siltstone: maroon & green, fine grained, manganese tarnish, possibly burrowed, abundant 
zoned carbonate cement (unusual; most carbonate cement at Kady is not zoned)

sandstone: brown, fine grained, very thin bedded, trough cross bedded, abundant carbonate 
cement, brecciated
conglomerate & sandstone: light gray, medium-very coarse grained, cycles of 
conglomerate-massive sandstone-cross bedded sandstone, contains clasts of quartz, black 
chert & minor distinctive bright green chert
sandstone: brown, fine grained, carbonate cemented, poikilitopic carbonate concretions

sandy carbonate: brown, fine grained, bluish-silver & maroon, intre-formational lithoclast 
(limestone) conglomerate with manganese tarnish within sandy carbonate bed, carbonate 
concretions, small I • 2 cm brechiopods
sandstone: brown, fine grained, poikilitopic carbonate cement, black shale partings/ mud 
chips, cross bedded, minor plant debris

sandstone/slltstone: medium green, fine grained, very micaceous, mica gives rock planar
breakage habit, very porous-leached grains
sandstone: fine-medium grained, inlerbedded with maroon shale

sandstone: maroonish-gray, bedding sets to 0.7 m, planar to sweeping cross beds, 
carbonate cemented
sandstone: maroon to yellow weathering, fine grained, massive to cross bedded 
sandstone: light gray weathering, massive

siltstone: brownish-gray weathering, extremely fine grained, quartz siltstone being replaced 
by zoned rhomb-shaped crystals of siderite
siltstone: light brownish-gray to maroon, disseminated pyrite. Siltstone associated with 
maroon shales, siderite-cemented sandstones, minor coal, iron-stones, manganese-staining, 
& Pe-concretions with pyritized plant material in them
sandstone: maroon, fine grained, KAISi-clay or very fine-grained white mica, slightly 
porous-leached
sandstone: grayish brown, coarse grained, mostly quartz & altered chert grains

EDQ, carbonate

EDQ, carbonate 
minor EDQ, distinctive zoned 
rhombohedrel crystals of 
ankerite, calcite & siderite 
EDQ, ankerite, siderite (± 
goethite altered), BQ 
EDQ, clay?, minor goethite? 
after Fe-carbonale, BQ

EDQ, ankerite (± goethite 
altered), 1% pyrite 
calcitc?/ankerite?

EDQ, abundant ankerite (± 
minor goethite alteration), 
BQ
EDQ, trace BQ

EDQ, unknown light orange 
carbonate cement, BQ

ankerite
EDQ, siderite (± goethite
altered)
quartz, siderite

minor EDQ?, ankerite, minor 
siderite

EDQ, ankerite? (± goethite 
altered), BQ
EDQ7, siderite (± goethite 
altered); siderite replacing 
sandstone grains__________

sandstone brecciated, breccia
cemented by calcite
outcrop is fractured/brecciated with
quartz

calcite vein with trace ankerite along 
edge

early vein of botryoidal goethite 
(after Fe-carbonate?), cut by late BQ
veins

K>i/i
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Table A-1 (continued).
Sample
number

Unit Field Description and Petrographic Observations Cements and 
genesis

Veins and Mineralization

71a
71b

72

73

74

75

76

77

78

79

80 

81 

82

83a

83b

84

85

MDk
MDk

Min-Dn

MDk

Min-
MDk

MDk

MDk

concretion: sandy micritic carbonate with pyritized plant stem
sandstone: light gray, fine-medium grained, light reddish-tan iron-staining, black lichen-
covered outcrops, grains ofrutile, unknown PSi-bearing mineral (fluoresces), very porous-
leached
gossan C: gossanous Zn-carbonates

Min-Dn sandstone breccia & gossan C: sandstone exhibits at least two stages ofbrecciation

siderite
EDQ, trace BQ

sandstone: brown, fine & coarse grained, iron-stained, disseminated pyrite, cut by en 
echelon, quartz-filled fractures

sandstone: light gray, fine grained, very porous-leached, rutile

graded sandstone breccia S: fine grained, light gray, AlSi-clay patches, 1% rutile as 
grains/cement?, porous-leached sandstone. Breccia is inversely graded with clasts to 2.5 cm 
sandstone: light greyish-brown, medium grained, 15 cm to 60 cm thick planar beds, 
disseminated pyrite altering to goethite, slightly porous-leached

EDQ, ankerite? (± trace 
goethite alteration), pyrite ( I - 
2%), trace BQ 
EDQ, trace ankerite, trace 
siderite, rutile?

EDQ, BQ

EDQ, pyrite, trace BQ

Min- sandstone: light brownish-gray weathering medium grained, very porous-leached
MDk sandstone, cut by a large mineralized quartz-sphalerite dominant vein-breccia zone &

numerous smaller quartz veins

Dn sandstone: light brown, fine grained

MDk sandstone: light tan-grey, fine grained, AlSi-clay patches, rutile, porous-leached

MDk sandstone: fine grained, trace disseminated pyrite, trough cross bedded

MDk shale: maroon, nearby green shale, occurs between MDk gray quartz sandstone above & Dn
brown carbonate-cemented sandstone below 

MDk sandstone: white & green mottled, fine grained, porous-leached, 30 cm thick bed within 
maroon shale, chlorite slicks along bedding 

MDk sandstone: green & white mottled, fine grained, porous-leached, 30 cm thick bed within 
maroon shale, chlorite slicks along bedding 

MDk sandstone: light grey, faint iron-staining medium grained, massive, thick bedded, abundant 
white mica

MDk sandstone: maroonish-gray weath., fine-med. grained, ± iron-stained, trough? cross bedded, 
________massive-thin bedded, porous-leached, grains of MCQ(50%). chcrt(50%). rutile, white mica

EDQ, trace BQ

EDQ, calcite, goethite afler 
siderite?, BQ 
EDQ, goethite after de
carbonate, BQ 
EDQ, ankerite (± trace 
goethite alteration)

EDQ, ankerite, siderite, trace 
BQ?
EDQ, minor ankerite, 
siderite, minor chlorite?
EDQ

EDQ, goethite after FeCOj; 
chert replaced by carbonate

pyrite
mineralizing fluids passed through 
sandstone; veins of quartz + 
chalcopyrite
banded, secondary Zn (Cd, Ca, 
±Fe)C03
sandstone breccia cemented by 
quartz + sphalerite + minor galena, 
cut by late calcite veins 
outcrop cut by thin quartz + 
carbonate veins

siderite vein, cut by abundant, late, 
sheeted micro-veinlets of gray 
quartz & BQ with sulfide 
mineralization
breccia cemented by milky quartz + 
trace pyrite

grey quartz micro-veinlets & vein of 
growth-zoned grayish-BQ to white 
quartz with sulfide mineralization, 
cut by late fractures of BQ or 
cerussite(?)
outcrop cut by quartz veins 

minor gray quartz veinlet 

BQ + ankerite(?) veins

gray-blue quartz vein

vein of BQ (rim) + calcite (center)

minor quartz veining

gray quartz veins, fractured
too\
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Table A-l (continued).
Sample
number

Unit Field Description and Petrographic Observations Cements and 
Paragenesis

Veins and Mineralization

86a MDk sandstone: coarsegrained phosphate mineral, goethite 
after siderite? cement 
(notably no EDQ)

86b MDk sandstone: medium grained, porous-leached EDQ, trace BQ? vein of siderite
87 MDk sandstone: brown, line grained, abundant, irregularly-zoned carbonate cement, vugs of 

carbonate, angular sandstone grains, interbedded with maroon, gray & green shale
zoned calcite to siderite 
(notably no EDQ)

88 MDk sandstone: dark brown, medium-coarse grained, angular clastic grains sparse EDQ on a few grains, 
abundant siderite

gray-blue quartz veins

89 MDk sandstone: light gray, fine grained, minor light red iron staining, very porous-leached, 
AlSi-clay patches

EDQ, minor siderite (± minor 
goethite alteration), BQ

gray-BQ veins + sulfides, 
mineralizing fluids flowed through 
sandstone

90 MDk sandstone: brown weathering, fine grained, thin bedded, very porous-leached, KAISi-clay 
or white mica (after feldspar)

EDQ, minor goethite after 
siderite?

abundant small grey quanz veins

91 MDk sandstone: light gray, fine grained, thin bedded EDQ, minor siderite, possible 
grayish-BQ?, minor neon 
teal-green unknown cement

large BQ vein which is cut by 
sheeted BQ veinlets

92 MDk sandstone: light gray, fine-medium grained, massive to cross bedded, porous-leached, 
grains of MCQ, chert, lithics, rutile, apatite

EDQ, rutile?, trace BQ micro-veinlets of gray-blue(?) quartz

93 Min-
MDk

sandstone: light gray, massive to cross bedded, porous-leached gray quartz + galena + pyrite + 
chalcopyrite, with secondary neon 
blue cerussite

94 MDk sandstone: light gray, fine grained, cross bedded, disseminated pyrite, plant material, 
porous-leached, AlSi-clay & KAISi-clay or white mica

EDQ, trace goethite after Fe- 
carbonate, abundant BQ

mineralizing fluids flowed through 
sandstone

95 Dhf siltstone & shale: dark greenish-black, fine grained, finely interbedded, porous-leached, 
chlorite, rutile?, mixed with fine grained sandstone

EDQ, goethite after Fe- 
carbonate, pyrite

quartz veins with trace chalcopyrite?

96 Dhf sandstone: dark brownish-gray, fine grained, cross bedded, black shale partings, compact, 
very porous-leached

EDQ, ankerite (± trace 
goethite? alteration)

97 Dn sandstone: brown weathering, fine grained, trough cross bedded, abundant disseminated 
pyrite patches, very porous-leached, grains of MCQ, chert, lithics, plagioclase (albite- 
Michel-Ldvy composition estimate), chlorite (after biotite - one zircon grain with metamict 
halo), white mica, AlSi-clay patches, chlorite, rutile, carbonaceous plant fragments

EDQ, siderite?, trace BQ

98 MDk sandstone: light brownish-gray, medium grained, thin to trough cross bedded (sets to 0.7 
m), grains of MCQ, chert, lithics, white mica

EDQ, ankerite (± goethite 
alteration); ankerite replaced 
several chert grains

mineralizing fluids flowed through 
sandstone; thin quartz vein

99 MDk sandstone: light red iron stained, light gray colored, fine grained, porous-leached, grains of 
MCQ, chert, white mica, lithics, plagioclase, trace chlorite (after biotite), minor rutile, 
abundant KAISi-clay or white mica (after K-spar?), plant fragments

EDQ, rutile? mineralizing fluids flowed through 
sandstone; BQ veins, chlorite in one 
vein in thin section

100 Min-
MDk

sandstone & shale: light gray sandstone & shale, light red iron staining, sandstone is 
brecciated & cut by mineralized veins which tend to occur along shale-rich layers

numerous veins including a 1 m 
wide sphalerite dominant vein with 
quartz, chalcopyrite & lesser galena
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Table A-l (continued).
Sample
number

Unit Field Description and Petrographic Observations Cements and 
Paragenesis

Veins and Mineralization

10! MDk sandstone: light grey, fine grained, very porous-leached, minor rutile, disseminated pyrite EDQ, pyrite
102 Dn sandstone: brownish-gray, fine grained, thin cross bedded, very porous-leached, grains of 

quartz, chert, lithics, plagioclase, white mica, & patches of very fine grained white mica
EDQ, siderite (± goethite 
alteration), BQ

103 Dn sandstone: light brown, fine grained, massive to cross bedded, very porous-leached, grains 
of MCQ, chert, plagioclase, lithics, chlorite (after biotite), minor white mica, & trace apatite, 
rutile, minor AlSi-clay patches (after K-spar?)

abundant EDQ, minor 
goethite after Fe-carbonate, 
pyrite, trace BQ; carbonate 
replaced sandstone grains

minor quartz veining

104 Dn sandstone: light brown weathering, fine grained, bleached, very porous-leached, rutile EDQ, thin goethite grain 
coatings

outcrop cut by quartz veins

103 MDk sandstone: light gray, massive, cross bedded, trough cross bedded, plant material along 
bedding planes, very porous-leached, rutile

EDQ, BQ quartz-veined joints

106 Min-
MDk

sandstone in fault: light brown weathering, medium grained, very porous-leached, rutile EDQ, trace BQ + rutile? (up 
tol%)

Vein-breccia zones up to 30 cm 
wide; quartz + sphalerite + galena

107 Min-
MDk

sandstone in fault: brown weathering, iron stained, fine grained, slightly porous-leached, 
chlorite?

EDQ, siderite, BQ BQ veins

108 Min vein; growth zoned quartz (blue, grayish- 
blue, & dull to bright yellow) with 
sulfides & neon blue cerussite

109 Min- sandstone: brown weathering, abundant disseminated pyrite, cut by numerous mineralized EDQ, pyrite cement, pyrite quartz + chalcopyrite sphalerite +
MDk veins, grains of MCQ, chert, brown lithics has partially replaced all 

grain types
galena veins cut abundant 
disseminated pyrite

110 Min-
MDk

sandstone & vein: growth zoned quartz vein, chlorite; sandstone is bleached, disseminated 
pyrite, brecciated

growth zoned quartz: gray-blue 
(early) to tan (late)

III MDk siltstone & shale: brown weathering, very fine grained, 2.5 cm thick sets of cross beds, 
abundant white mica

EDQ, calcite (with minor 
iron)

calcite vein

112 Dn? sandstone: light brown, fine grained, abundant black shale rip-up clasts, ripple marks?, 
small-scale cross beds, porous-leached

EDQ, calcite, goethite after 
Fe-carbonate, BQ

113 Min vein: growth zoned grey-blue, tan, yellow 
quartz vein with chalcopyrite + 
sphalerite galena

114 MDk sandstone: light gray, fine-medium grained, light yellow & red iron staining, massive 
trough cross beds, porous-leached, rutile?

EDQ, possible late gray 
quartz?

mineralizing fluids flowed through 
sandstone; many quartz veins (see 
113)
quartz vein with altered pyrite, 
chalcopyrite

113 Min vein; vein in sandstone breccia

116 Min-
MDk

sandstone: light gray weathering, light red iron staining, porous-leached, massive, trough 
cross bedded, minor conglomerate beds

mineralizing fluids flowed through 
sandstone

117 Dn sandstone: gray-green, fine grained, trough cross bedded, disseminated pyrite patches, 
porous-leached, Rrains of MCQ, chert, lithics, white mica, abundant plant material

EDQ, Zn-bearing goethite 
(after poikilitopic carbonate)

mineralizing fluids flowed through 
sandstone

K)oo
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Alaska: Economic Geology.

Werdon, M. B., (in press), Geologic setting o f  Mississippian vein-breccias at the Kady Zn-Pb-Cu- 
Ag prospect: plumbing system for a  failed sedex deposit?: in Riehle, J.R., and Kelley, K.D., 
eds., Geological Studies in Alaska, U.S. Geological Survey.

Werdon, M. B., 1996, Drenchwater, Alaska: Zn-Pb-Ag mineralization in a mixed black shale - 
volcanic environment: in Coyner, A.R., and Fahey, P.L., eds., Geology and Ore Deposits o f 
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