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Interpretation of Exploration Geochemical Datafor the
Mount Katmal Quadrangle and Adjacent Parts of the
Afognak and Naknek Quadrangles, Alaska

By S.E. Church, JR. Riehle, and R.J. Goldfarb

ABSTRACT

Andysis of the-geologic and geochemica data col-
lected during this study of the Mount Katmai, western
Afognak, and eastern Naknek quadrangles, Alaska, defines
areasfavorablefor undiscovered porphyry Cu, porphyry Cu-
Mo, porphyry Cu-Au, and porphyry Mo deposits, and for
base- and precious-meta -bearing polymetallic and epither-
mal quartz-veindeposits. Factor analysisof stream-sediment
geochemica data defines one element suite that delimits
areas prospectivefor undiscovered porphyry and polymetal-
lic-veindeposits. Factor andysisof agua-regia-leachatedata
from stream sediments not only delimits these same areas,
but also identifies geochemica signatures of hydromorphic
phasesthat may reflect secondary weathering and transport
of metals important in defining concealed minerd deposits.
Factor analysis of the nonmagnetic heavy-mineral concen-
tratesfrom stream sediments refines and expands the bound-
aies of these areas and ddimits areas prospective for
precious-metd-bearingepithermal quartz-vein deposits.

Minerd occurrencesin the Katmal study area are spa-
tially associated with plutonic rocks of Tertiary age. We
describe one occurrencein the Margot Creek drainage basin
in the Buttress Range that has both the geochemical and geo-
logic attributesof a porphyry Cu-Mo deposit. Polymetalic
veins have been identified in the Kulik Lake area, the Four-
pesked Mountain area, the Barrier Range area, and the Ika-
gluik Creek area. Pyritic, gold-bearing quartz veins have
been identified a Dakavak Lake, Hagelbargers Pass, and in
the Kulik Lake area. Many of these same areas aso have
potentia for additiona porphyry-type minera deposits, as
well as polymetalic and epitherma quartz-vein deposits.
The presenceof epithermal veins deposited by hot springsis
suggested by anomal ousconcentrationsof gold and mercury
found dong Martin Creek near Mount Mageik.

The geologic and geochemical data do not support
occurrenceof severa other types of mineral deposits found
in the same lithologic units esawhere in southwestern

Alaska Our geologic and geochemica datado not indicate
areas favorable for undiscovered Kuroko-type massive sul-
fide depodits in the rocks of the Takeetna Formation.
Becaused thepaucity of exposed carbonate host rocks, such
as the Upper Triassic Kamishak Formation, we found only
scant evidence for copper-rich iron-skarns in the Katmai
study area. Skarn mineral assemblages occur localy where
calcareous rocks of the Herendeen Formation have been
intruded by middle Tertiary plutons. Finally, evidence for
undiscovered skarn or polymetallic-veindepositsassociated
with the Jurassic intrusive rocks of the Alaska—Aleutian
Range batholith has been found in only one drainage basin
just north of Becharof Lake.

INTRODUCTION

The U.S. Geologica Survey isrequired by the Alaska
Nationd Interest Lands Conservation Act (ANILCA, Public
Law 96-487) to survey Federa landsin Alaskato determine
their minerd resource endowment. As a part of the Alaska
Minerd Resource Assessment Program (AMRAP), a study
of thegeology and geochemistry of the Mount Katmal quad-
rangleand adjoining parts of the Afognak and Naknek quad-
rangles was undertaken during the summer field seasons
1983-87. Werefer to thisareaas the' Katmai sudy areg,” or
smply the" study area™

The Kama AMRAP study consisted mainly of geo-
logic mapping & 1:250,000 scale and reconnaissance sam-
pling of both bedrock and stream sedimentsfor geochemica
analysis. An interpretation of aeromagnetic data from the
Naknek quadrangle (Andressen and others, 1963) is
includedin Church and others (1992); no new aeromagnetic
data were acquired in the present study; thus no aeromag-
netic deta are available for the Mount Katmai and western
Afognak quadrangles. Geochemical analyses of rock,
stream-sediment, and heavy-minera-concentrate samples
were utilized to define localities having abnormally high
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metal concentrations. As time permitted, some of the areas
for which groups of samples had multiple-element anoma-
lies were sdlected for followup examination and additional
samplingduring thelast two field seasons. The geochemica
datawere previoudy released in four reports: semiquantita-
tiveemiss on spectrographi cdatafrom stream sedimentsand
nonmagnetic heavy-minera concentrates panned from
stream sediments(Bailey and others, 1986); inductively cou-
pled plasma (ICP) atomic-emission spectrometric analysis
of agua-regialeachates of the stream sediments (Erlich and
others, 1988); semiquantitative emission spectrographicand
aomic-absorptionanalysesaof therock samples(Riehleand
others, 1989), and mineralogy of the nonmagnetic heavy-
mineral concentrates panned from stream sediments (Ben-
nett and Church, 1987).

In this report, we present an interpretation of the geo-
logic and geochemicd data collected during the Katmai
AMRAP study. Extensive reference is made to the interpre-
tative geochemica maps (Church, Bailey, and Riehle, 1989;
Church and Arbogast, 1989; and Church and Motooka,
1989) and to minerdogica maps of nonmagnetic heavy-
mineral concentrates (NMHMC) panned from stream sedi-
ments (Church and Bennett, 1989), which we will refer to
collectively in this text as the reconnai ssance geochemicd
data base. Geochemica sampling methods used and
geochemicd results obtained during the study are summa
rized and plots of the geochemical data from rock samples
presented (pls. 1-3). Element associations,identified by fac-
tor analysis of the geochemical data from the stream-sedi-
ment and nonmagnetic heavy-minera concentrates, are also
discussed. Factor anadysesconfirmed the geochemicd suites
we chose to use in our geochemical interpretations. The
geochemicd data are interpreted in the context of geologic
processes, known mineral occurrences in the region, and
inferred minera deposit models. Areas having permissive
geologic attributes and favorable geochemical expressions
of minera deposit typesaredefined, and the geology of each
areais briefly summarized.

GEOLOGICSETTING

The Kama sudy area is on the Alaska Peninsula
between 58" and 59" north latitude (fig. 1). The eastern and
western boundaries of the study area are a the coast and
incorporate parts of the Afognak and Naknek quadrangles,
respectively. Little geochemica sampling was done in the
western part of the Naknek quadrangle, where much of the
study areais overlain by glacia deposits. That part of Cape
Douglas that extends into the southern part of the lliamna
quadrangle was also included in the geochemical sampling
but is not included in this report because no geochemical
anomaieswere found (Bailey and others, 1986).

The study areacomprisestwo physiographic provinces.
the Nushagak—Bristol Bay L owland provincea ong the coast

of Bristol Bay and the Aleutian Range province (Wahraftig,
1965). The Nushagak-Bristol Bay Lowland province is
characterized by broad coastd plains, low topographicrelief,
numerous bogs and small lakes, and low-gradient, meander-
ing streams. Few sampleswere collected in this province. In
contrast, the Aleutian Range province is mountainous, has
undergone apine glaciation, and contains streams having
steep gradients and occupying youthful valeys. The Aleu-
tian Range is a continuation of the large mountain range
extending from the Mount McKinley (Denali) area south-
west to the AlaskaPeninsula, where it crosses the Kamai
sudy areawest of theBruin Bay fault (fig. 1). Plutonic rocks
of the Alaska—Aleutian Range batholith crop out in a belt
that crosses the Katmai study area west of the Bruin Bay
fault.

High mountain pesks in the Katrnai study area are
capped by upper Tertiary and Quaternary volcanicflowsand
deposits that partly cover Mesozoic and Tertiary sedimen-
tary and igneousrocks. Elevationsexceed 2,000m at severa
of the Quaternary vol canoes, namely Mount Katmai, Mount
Mageik, Mount Griggs (Knife Peak), Snowy Mountain,
Mount Denison, Fourpeaked Mountain, and Mount Douglas.
Glaciersare present on the large peaks, and both Hallo Gla-
cier and Fourpeaked Glacierextend nearly tosealeve on the
eadt coast of the study area. The Vdley of Ten Thousand
Smokesisfilled with pumiceand vol canicash from the 1912
eruption of Novarupta dome. Cenozoic volcanicrocksof the
Aleutian volcanic arc were emplaced roughly paralle to the
Pecific coast, but the Mesozoic sedimentary rocks that
underlie them extend of fshorebeneath Shelikof Strait (Burk,
1965; Detterman and others, 1987; von Huene and others,
1985). The Aleutian Trench lies about 300 km southeast of
thestudy area, southeast of Kodiak |dand (Jacoband others,
1977; von Huene and others, 1985).

Acknowledgments —We thank the U.S. Nationd Park
Service and the U.S. Fish and Wildlife Service for permis-
son to conduct these scientific studies in the Kama
Nationa Park and Preserve and the Becharof National Wild-
life Refuge. We also thank S.J. Sutley and Ted Botindlly for
the X-ray diffraction and direct-current-arc emission spec-
trographic work reported here on the samples from the
Hagelbargers Pass prospect. Finadly, we thank our col-
leagues who have worked with us during the sampling and
analytical phasesaf our work in the Katmai study ares; their
wark is referenced extensively throughout the text. Without
their diligent efforts, this sudy could not have been
completed.

GEOLOGY OF THE
KATMAI STUDY AREA

The geologic setting of the Katmai study areais that of
aconvergent plate margin. The Cenozoic Aleutian volcanic
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fallts, Quatemary volcanoes, and severd mgor geogrgphic feetures o the Alaska Peninsula are shown for reference; scae

1:5,000,000.

arc is superimposed on a Mesozoic continental-margin
sequence of marine and nonmarine Sedimentary rocks.
These Mesozoic sedimentary rocks were derived chiefly
fromtheerosionof aJurassiccalc-alkalinebatholithand vol-
canicarc. Systematic geol ogic mapping by Keller and Reiser
(1959 and citationstherein) summarizestheearly work done
in the Katmai study area. Additiona geologic studies have
concentrated on either the 1912 eruption of Novarupta vol-
cano and itsassociated ash-flow depositin the Valley of Ten
Thousand Smokes (for example, Fenner, 1920), or paleon-
tology and stratigraphyal ong Shelikof Strait (seecitationsin
Riehle and others, in press). Here, we describe briefly the
geology of the Katmai study areain order to provide a geo-
logic framework for the interpretation of the geochemical
results. Stratigraphicrelationsand correlationsamong map
units on the 1:1,000,000-scale map figures that follow are

simplified from the 1:250,000 geologic base map used for
the accompanying plates. Descriptions of the sedimentary
rocksare based largely on Detterman and others (in press).

PALEOZOIC(?)AND EARLY
MESOZOICROCKS

The oldest rocks in the Katmai study area are schist,
guartzite,arnphibolite, gneiss, and migmatite assigned tothe
Kakhonak Complex,defined by Detterman and Reed (1980)
in the Iliamna quadrangleto the north. These metamorphic
rocks crop out in a northeast-trending belt as roof pendants
in the Alaska—Aleutian Range batholith. Most of the rocks
consist of plagioclase-epidote-chlorite-actinolite mineral
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Ti, Tertiary intrusiver ocks (includesplutonsmapped as unitsTi, Tiu, and Td from westernsideof Aleutian volcanicarc asshown on pl. 1); Tab, Tertiary volcanicr ocks
o Barrier Range (late Tertiary volcanicr ocks of Aleutianac); Tv, Tertiary volcanicr ocks north of Naknek Lake (early Tertiary volcanicr ocks of Aleutianvolcanicarc);
Tg, Tertiary granitic to gabbroicintrusive and hypabyssal r ocks (includesunits Tgb, Tqd, and Tgd as shown on pl. 1); KJs, Cretaceous and Jurassic sedimentary r ocks
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wheregpproximetely located, sawteeth on upper plateof thrudt faults.
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assemblages indicative of greenschist facies, but, locally,
rocks having andesine-hornblende assemblages probably
reflect higher grade contact-metamorphic aureoles around
Jurassic plutons. Protoliths presumably consist of unitsolder
than Middle Jurassic that have been mapped in the Katmai
sudy area, aswdl as unnamed sandstone and argilliteunits.

MESOZOIC ROCKS

Theoldest rocksof relatively certain age (asdetermined
by faunain theoverlyinglimestone) in the Katmai study area
are submarine basalt flows and diabase sills of the Cotton-
wood Bay Greenstone, which were recrystallized to fine-
grained assemblages suggestive of greenschist(?) facies but
which retain primary igneoustextures. This unit wasdefined
in the adjacent Nliamna quadrangle (Detterman and Reed,
1980), whereit isinferred to be of Late Triassic age. In the
Kamai region, this unit crops out only as roof pendantsin
the Alaska—Aleutian Range batholith near the south margin
o thestudy area, and the unit is projected benegth the glacial
cover in the Naknek quadrangle on the basisof an interpre-
tation of aeromagnetic data (Church and others, 1992).
Marinelimestone and locally interbedded basalt flows over-
lie the Cottonwood Bay Greenstone. This limestone wes
originaly reported to be Paleozoic in age (Detterman and
others, 1979) but is now assigned (Detterman and others, in
press) to the Upper Triassic Kamishak Formation (Detter-
nan and Reed, 1980).

The Lower Jurassic Takeetna Formation, composed
mainly of volcanic rocks and interbedded volcaniclastic or
marinesedimentary rocks, ispart of avolcanicarc (Reed and
Lanphere, 1973) that crops out as far as 500 km to the north-
eadt in the Takeetna Mountains (Martin, 1926). In the Kat-
ma study area the unit consists mogtly of sandstone and
sltstone, which are interbedded with vol canic tuff and lahar
deposits, volcaniclagtic conglomerate and lava flows, and
breccia

The plutonic rocks of the Alaska—Aleutian Range
bathalith intrude the Tal keetna Formation and older rocksin
the Katma study area. These intrusive rocks are mainly
tonalite, granodiorite, and quartz diorite, but also include
diorite, granite, and gabbro (classifiedon the basisof modd
quartz-plagioclase-akalifeldspar ratios after the method of
Streckeisen, 1973). Reed and Lanphere (1969, 1972) found
Jurassic, Late Cretaceousto early Tertiary, and middle Ter-
tiary age groupingsof plutonsin the Alaska—Aleutian Range
bathalith north of the study area. Potassum-argon ages
determined from 11 samples of Mesozoic plutonic rocks
from the Kamai study area range from about 15314.6 to
17315.2 Ma(Reed and Lanphere, 1972; Shew and Lanphere,
1992), that is, from late Early to Late Jurassic. The potas-
sum-argon data acquired during this study support the ear-
lier age groupingsof plutonsin the Alaska—Aleutian Range

batholith (Reed and Lanphere, 1969). There are no new
potassium-argon data indicating that Late Cretaceous to
early Tertiary intrusiverocksare present in the Katmai study
area

The Naknek Formation, the most extensiverock unit of
the Alaska Peninsula, was deposited in Late Jurassic time
and is composed of debriseroded from the Alaska—Aleutian
Range bathalith and its roof rocks (Egbert and Magoon,
1981) during uplift northwest of the Bruin Bay fault. In the
Kama study area, this unit averages 1,900.m in thickness
and i ssubdivided into five members(Detterman and others,
in press). The lowermost member, the Chisik Conglomerate
Member, consistsaof conglomerateand fluvial sandstone; the
conglomerate clasts are mostly metamorphic and plutonic
rock fragments. The overlying member, the Northeast Creek
Sandstone Member, consists of mixed marine and nonma-
rine sandstone and siltstone. The sandstone units contain
magnetite-richlaminag; the interbedded siltstone units con-
tain plant debrisand arelocally bioturbated. The next over-
lying member, the Snug Harbor SiltstoneMember, ismarine
dltstone consigting of thin limestone beds and containing
abundant limestone concretions. The next overlying mem-
ber, the Indecision Creek Sandstone Member, is a marine
sandstoneand silty sandstonethat al so containsplant debris.
The uppermost member, the Katolinat Conglomerate Mem-
ber, occurs nearly exclusively within the Katmai study area
and consigts of interbedded marine sandstone and conglom-
erate. Sandstone unitsin the lower part of the Naknek For-
mation south of Becharof Lake are arkose or feldspathic
wacke (Mullen, 1987) that are sufficiently rich in magnetite
to yield aeromagneticanomalies (Case and others, 1988).

There were four cycles of emergencefollowed by sub-
mergence and marinedeposition during and at theend of the
Cretaceous in the Katma region. These cycles of marine
deposition are represented by the Staniukovich, Herendeen,
Pedmar, and Kaguyak Formations. each is bounded by
unconformities. However, farther south on the Alaska Pen-
insula rocks of the Naknek, Staniukovich, and Herendeen
Formationsare conformable and represent continuous sedi-
mentary deposition (Detterman and others, in press). The
Staniukovich Formationconsistsof fel dspathic marinesand-
stoneand siltstone. In the Katmai region the Herendeen For-
mation is a calcareous sandstone that is interbedded with an
equd volumeof dltstone. Erosiona remnantsof the unitare
widespread on the Alaska Peninsula, but it apparently has
been removed in mogt places by erosion. The upper contact
of the Herendeen is a mgjor regional unconformity (Detter-
men and others, in press). Carbonaceous sandstone and silt-
stone of the Pedmar Formation disconformably overlie the
Herendeen Formation in the Katmai study areaand are the
only welldocumented occurrence of Albian rocks on the
Alaska Peninsula (Detterman and others, in press). The
Upper Cretaceous Kaguyak Formation unconformably over-
lies dl older stratain the Katmai study area. This unit con-
sstsof interbedded marinesandstoneand siltstonewnhich, in
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its lower part, containsthin limestone beds. The upper part
of the unit contains rip-up clasts, flame structures, and load
cadts indicative of turbidite depostion in a marine basin
(Kéller and Reiser, 1959; Detterman and Miller, 1985).

TERTIARY ROCKS

About 6,000m of marineand continental Tertiary strata
are preserved on the southern Alaska Peninsula (Detterman
and others, in press),and a least 7,800 m of continental Ter-
tiary dtrata are present in the subsurface in the Cook Inlet
region (Calderwood and Fackler, 1972). Tertiary strataare
absent or thin, however, from Becharof Lake north to Cape
Douglas (fig. 1), indicating the presenceof astructura high
(Fisher and others, 1981; Detterman and others, 1987). A
maximum of 1,025 m of the lower Tertiary Copper Lake
Formation is preserved near Cape Douglas, and 558 mof the
upper Oligocene Hemlock Conglomerate is exposed near
Cape Nukshak in the Katmai study area. The Copper Lake
Formation consists of well-indurated, polymictic conglom-
erate and fluvial sandstone and siltstone; it contains dtered
volcanic clasts that were probably derived from the Tal-
keetna Formation. The Hemlock Conglomerate condsts of
poorly indurated fluvial conglomerate, tuffaceoussandstone,
siltstone, shae, coal, and tuff.

Sedimentary rocks of Tertiary age crop out west of the
crest of the Aleutian volcanic arc in the Katmai study area,
but their maximum thicknessis only about 300 m. The strata
are poorly indurated to moderately wdl indurated and com-
prise fluvial sandstone, siltstone, conglomerate, and tuf-
faceous sandstone and siltstone. Some of these rocks are
probably laterally equivalent to the Copper Lake Formation,
but their localized occurrence suggests that they may have
been deposited in smdl scattered basinshaving no necessary
tempord relation to one another.

Early to middle Tertiary lava flows, domes, and dikes
cropout in the western part of the Katma study areg, in the
Nushagak—Bristol Bay Lowland. The flows are mainly
andesitic in composition, wheress the dikes and domes are
basdltic. These volcanic rocks typicaly contain incipient
secondary chlorite, but they show little other evidence of
dteration. A singlenearly aphyric quartz-bearingdome, now
dlicified and dtered, and the pumiceous tuff, occurring as
bouldersin till, indicate the presencedf rocks more siliceous
than andesite. Five potassium-argon radiometric ages deter-
mined from samples of the western lava flows range from
about 34.3k0.7 to 44.3k0.8 Ma, and two dikes are 36.8+0.3
and 25.011.6 Ma (Shew and Lanphere, 1992).

Late Tertiary lavaflows, dikes, sills, and smal plutons
east of thecrest of the Aleutian Range area part of the Aleu-
tian volcanic arc that has been active since Miocene time.
Extrusive rocks are mostly andesitic or dacitic lava flows

that overlie, and locally deform, upper Oligocene sedimen-
tary rocks of the Hemlock Conglomerate. The contact
between magmeatic and sedimentary rocks is localy grada-
tiona due to intrusion of sills in the uppermost part of the
sedimentary section. Both volcanic and sedimentary rocks
have been intruded by small tonditic or granodioritic plugs
or plutons. Contact-metamorphic aureoles surround these
plutons, and the rocks within the aureoles, as well asin the
plutonsthemsealves,in many cases have propylitic dteration
zones. Weathering of these alteration zones has yielded red-
dish-brown color anomalies, probably formed by the oxi-
dization of pyrite. Two lava flows of the eastern volcanic
rock group are each about 13.9 Ma, and severd of theintru-
sve rocks range in age from about 2.5 to 8 Ma (Shew and
Lanphere, 1992).

Sills, dikes, and plutons of tonalite or quartz diorite
cropout between Y ori Passand Rainbow River, northwest of
the Aleutian Rangecrestin the central part of thestudy area.
Theseshdlow intrusiverocksare commonly associated with
reddish-browncolor anomaliesdeveloped both in the intru-
sve rocks and in their sedimentary wallrocks. Widespread
deuteric(?) dteration of theintrusiverocks hasprecludedage
determination using potassium-argon methods. The plutons
have intruded sedimentary rocks as young as Late Creta
ceous in age; hence, a Tertiary age for these sedimentary
rocksisinferred on the basisaf geologic relationships (Rie-
hle and others,in press).

Tertiary plutonsnorthwestof the Bruin Bay fault,in the
Alaska—Aleutian Range batholith, are mostly granodiorite
and quartz monzodiorite, but also include tondite, quartz
diorite, and gabbro. Potassum-argon ages of nine samples
range from about 26.0+0.81 to 37.611.1 Ma(Reed and Lan-
phere, 1972; Shew and Lanphere, 1992). Two of these mid-
dle Tertiary plutonsintrude the Bruin Bay fault near Kulik
Lake. Contect-alteration effects (primarily induration by
dlicification and possibly recrystalization), anastomosing
quartz veins, and color anomaliesarelocaly prominent near
the Tertiary plutons where they have intruded both Jurassic
plutons and Mesozoic sedimentary rocks east of the Bruin
Bay fault. Altered zones surrounding the middle Tertiary
plutons within the Alaska—Aleutian Range batholith are not
as pervasive as those around the hypabyssal rocks between
Yori Passand the Rainbow River.

QUATERNARY ROCKSAND DEPOSITS

Quaternary deposits in the Katma study area are
primarily glacia deposts (Riehle and Detterman, 1993), or
volcanic rocks and deposits of the active Aleutian volcanic
arc. Although the entire Katmal study area was extensively
glaciated severd times, thick depositsof drift are extensive
only wes of the Aleutian Range in the Nushagak—Bristol
Bay Lowland province.
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Quaternary volcanic deposits of the Aleutian volcanic
arc are confined mainly to the large stratovol canoes aong
the crest of the Aleutian Range. The lava flows are mainly
andesite or dacite, whereas the domes range from dacite to
rhyolite. Ash-flow tuffs, chiefly dacite to rhyolite, are
present dong the southern margin of the Katmai study ares,
in the Vdley of Ten Thousand Smokes (formed during the
1912 Novaruptaeruption; Fenner, 1920; Curtis, 1968; Hil-
dreth, 1983, 1987), and at Kaguyak Crater. Pumicedeposited
during the 1912 Novaruptaeruption is more than 1 m thick
in the area extending from the head of the Vdley of Ten
Thousand Smokes east to Shelikof Strait (JE. Fiergtein,
written commun., 1990).

STRUCTURAL GEOLOGY

Themgjor structural featurein the Katma region isthe
Bruin Bay fault, a high-anglereversefault that extends from
400 km north of the study areain upper Cook Inlet (Detter-
men and others, 1976) to Becharof Lake, where it is con-
cealed beneath thick Quaternary deposits(fig. 1). Movement
isclearly up on thewest sideof thefaultin the Kamai study
areq, dthough one gtrand of the fault severa kilometersin
length near the center of the Katma study area is a high-
angle norma fault. Because the fault in the Katma study
area juxtaposes only Jurassic intrusive rocks on the north-
west against the Naknek Formation, thereis no unambiguous
evidence of the amount of stratigraphic throw or possible
horizonta displacement. To the north, in the Iliamna quad-
rangle, as much as 3 km of stratigraphic throw can be dem-
ongrated and thereis a suggestion of as much as 65 km of
|eft-laterd offset (Detterman and Reed, 1980, p. 69). On the
basis o crosscutting plutons dated by potassium-argon
methods (Shew and Lanphere, 1992), the last movement on
the Bruin Bay fault took place no later than middle Tertiary
time (Riehleand others, in press).

The style of folding changes a the Bruin Bay fault.
Folds in isolated roof pendants of rocks older than Upper
Jurassic northwest of the fault are tight and possibly over-
turned, whereas those in Upper Jurassic, Cretaceous, and
Tertiary strata southeast of the fault are open. The trend of
fold axesin both areasis generally northeast, parale to the
gructura grain of the Alaska Peninsula elsewhere (Burk,
1965). Fold axes in Tertiary drata dong Shelikof Strait,
however, localy deviate from the average northeasterly
trend. In some places, this deviation from the regiond
structura trend is clearly due to deformation during intru-
sion by adjacent plugs and domes; other local deviations in
structure may likewise be the result of unexposed plutons.
Southeast of the Bruin Bay fault, both sedimentary and vol-
canic racks are a'so commonly fractured or are broken by
minor faults, quartz veins, or dikes that have a generd
northwesterly trend.

At least two main periodsof regional deformation can
bedemondtratedin the Katmai study area(Riehleand others,
in press). Northwest of the Bruin Bay fault, the rocks of the
Lower Jurassic Takeetna Formation dip homoclinally, but
arenct folded. However, underlying Triassicrocksaswell as
therocksaf the Kakhonak Complex are folded about north-
eadt-trending axes. Asshown by Dettermanand Reed (1980)
in the adjacent lliamnaquadrangle, deformation al so proba-
bly accompaniedemplacement of plutonsin Middle Jurassic
time. Southeast of the Bruin Bay fault, rocksaf the Hemlock
Conglomerate of late Oligocene age (Riehle and others, in
press) and overlyingearly Miocenevol canicrocksarefolded
onaregiona scale.

MINERAL EXPLORATION

Exploration by early prospectors began on the Alaska
Peninsulaabout the turn of the century (Atwood, 1911). In
1918, mogt of the Katmal study areawasdeclared a Nationd
Monument, and thus these Federa lands were withdrawn
from minerd exploration; the monument was enlarged to
establish Kamai Nationd Park and Preserve in 1980. Asa
result, there has been only limited exploration for mineralsin
much of the Katma study area. Atwood (1911) reported no
known minera prospectsin the Katma study area through
1908. Martin (1920) reported mineral exploration activity
near Kukak Bay. A few placer gold claims and lode-copper
prospects had been previoudy reported (see summary by
MacKevett and Holloway, 1977). The mineral-occurrence
data and the minerd resource assessment of the Katmai
study area are summarized in Church and others (1992).
Detailed descriptions of newly defined minerd occurrences
within the Katma study area are summarized below.

KNOWN MINERAL OCCURRENCES
ONTHE ALASKA PENINSULA AND IN
THE AREA NORTH OF THE
KATMAI STUDY AREA

Mineral occurrences on the Alaska Peninsula can be
classfied by their age and geologic association. In eva uat-
ing the Katmai study area, we have effectively narrowed the
search for minera deposits by the use of restrictive geologic
criteria for specific types of minerad deposits (see Cox and
Singer, 1986). Thus, within the Katmai study area, massive
sulfide deposits associated with the pre-Jurassic volcanic
rockswould be found only west of the Bruin Bay fault where
submarine volcanic rocks crop out (fig. 2). Skarn and poly-
metallic-vein deposits associated with middle Tertiary plu-
tons would be expected only in the north-central part of the
Kama sudy area. Porphyry Cu and porphyry Cu-Mo
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depositsand related skarns, and polymetallic and epithermal
quartz-vein deposits might be expected within and adjacent
to Tertiary and Quaternary plutonic rocks of the Aleutian
volcanic arc. For the mogt part, areas favorable for these
typesof minerd depositsareeast of the Bruin Bay fault. The
notable exception is the area underlain by lower to middle
Tertiary volcanic rocks north of Naknek L ake.

Descriptions of mineral occurrences found el sewhere
on the AlaskaPeninsula, briefly summarized below, serveas
examples of the types of minerd deposits that might be
expected within the Katmai study area. The mineral deposit
models, summarized largely from Cox and Singer (1986),
serve as aclassification and nomenclatureschemeas well as
being an effective method to compare geol ogic attributes of
other minerd depositsand field observationsfrom the Kat-
ma study area.

MINERAL OCCURRENCESASSOCIATED
WITH PRE-JURASSIC ROCKSAND
PRE-BATHOLITHICROCKS

The Johnson River prospect (Steefel, 1987), in the
Lower Jurassic Talkeetna Formation about 120 km north of
the Katma study area, is a quartz-sulfide stockwork in a
series of subagueoustuffs and debrisflows of dacitic com-
position. Anhydriteis abundant, occurring as spherical nod-
ulesenclosedin magnesian chloritecontaining disseminated
pyrite. Later-stage veins of quartz and anhydritearefoundin
an iron-rich chloritic matrix. Disseminated, massive, and
vein pyrite, chalcopyrite, sphalerite, galena, and minor gold
adso are present in the iron-rich chloritic matrix. Adjacent
dacitic hypabyssa plugs may have served as the source of
thetuffsaswell asthe heat needed to form the Johnson River
deposit. Steefd (1987) has interpreted the Johnson River
deposit, on the basis of its geologic setting, geochemistry,
and morphology, to be a Kuroko-type massive sulfide
deposit. Similar occurrences have aso been investigated in
the Takeetna Formation farther north in the Talkeetna
Mountains (Newberry, 1986; Newberry and others, 1986).
Results of stream-sediment or rock exploration surveys
around the Johnson River deposit have not been reported.
However, the reported data on Kuroko-type massivesulfide
depositsesewhereindicate that rock sampleswould contain
anomalous concentrations of Zn, Cu, Pb, Ba, Ag, and Au.
Stream-sediment samples would likewise contain anoma
lous concentrationsof these samee ements (Singer, 1986a).

Reed and Detterman (1965) described two occurrences
of magmatic magnetite associated with the rocks of the
Alaska—Aleutian Range batholith in the lliamnaquadrangle.
At FryingPan L ake, thereisamagnetite-richbrecciabody at
the margin of a Jurassic pluton about 100 km north of the
sudy area. The breccia, which is composed amost entirely
o magnetite-bearing pyroxenite fragments, was formed

during aLate Jurassic intrusive event (Reed and Detterman,
1965). A second magnetite occurrence, the File Bay locdlity
a the north end of Iliamna Lake, is a magnetite-rich horn-
blendite. Here, magnetite is present primarily as dissemi-
nated grains comprising from 15 to 20 percent of the rock
(Reed and Detterman, 1965). Both the rocks and the stream
sediments from this area contained anomalous concentra
tions of iron, titanium, and vanadium that aredirectly rel ated
to high concentrationsof magnetite (Reed, 1967). The mag-
matic magnetite occurrences at Frying Pan Lake and Pile
Bay have characterigtics of the Bushveld Fe-Ti-V minerd
deposit modd (Page, 1986). These are the only minerd
occurrences associated with the Jurassic batholith in the
[liamna quadrangle (Detterman and Reed, 1980). Because
gabbro is found only in scattered outcrops in the Katmai
study area(Riehleand others, in press), siteswherethistype
of minerd deposit might be present are very limited.

MINERAL OCCURRENCESASSOCIATED
WITH LATE CRETACEOUSTO
MIDDLETERTIARY PLUTONIC ROCKSOF
THE ALASKA-ALEUTIAN RANGE
BATHOLITH

A variety of claims and lode prospects, largely for the
commoditiesgold, silver, and copper, have been filed in the
Iliamna quadrangle. These claims and occurrences are gen-
erdly in contact-metamorphic zonesin limestone of the Tri-
assic Kamishak Formation, where skams have developed
adjacent to Late Cretaceous and Tertiary plutons. Where
these skarnsare found adjacent to the greenstonesof theTal-
keetna Formation, they are primarily quartz veins that con-
tain pyrite, some of which is auriferous, commonly, they
a so contain chal copyrite,or magnetiteand hematite (Martin
and Katz, 1912; Detterman and Reed, 1980, p. 76). Reed
(1967) discussed severd sitesin the lliamnaquadrangle, as
well as the Kasna Creek areain the Lake Clark quadrangle,
where exploration reconnaissance studies indicate areas
favorable for undiscovered copper-rich iron-skarn deposits.
The Kasna Creek area, 135 km north of the Kamai study
area, and the Crevice Creek prospect (McNeil clams), 12
km north of the Katmai study area, are the largest and best
described; both have features characteristicof a copper-rich
iron-skam mineral deposit mode (Cox, 1986a).

The Crevice Creek prospect is in a large tactite body
that was formed aong the contact between the Kamishak
Formation and the greenstones of the Talkeetna Formation.
It contains both disseminated and lode pyrite and chal copy-
rite. Nearby, on Sargent Creek, quartz-magnetite lodes are
found within epidote-garnet tactite formed in the upper
chert-rich member of the Kamishak Formation. Both areas
are cut by numerous quartz-feldspar porphyry dikes. Addi-
tional magnetite-rich lenses of tactite are exposed on Pilot
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Knab just north of Crevice Creek at the contact with the gra-
nodiorite of Pilot Knob (Richter and Herreid, 1965). Geo-
logic characteristics similar to those reported for Sargent
Cregk are dso described for the Dutton claim, 85 km north
o the Katmai study area(Martinand Katz, 1912), aswell as
for siteselsawhere dong the strike of the Kamishak Forma-
tion in the Iliamna quadrangle (Detterman and Reed, 1980,
fig. 6, p. 74). In dl descriptionsof theseskarns, mineralized
rock is said to be localized dong the contact between the
Kamishak and the Talkeetna Formations and largely con-
fined to the limestone exposures.

The Kasna Creek prospect isalarge, low-grade Cu-Fe
deposit consisting mostly of disseminated to massive hema-
titeand magnetite, which is pseudomorphousafter hematite,
and lesser amounts of pyrite, chalcopyrite, and minor
sohderitein atactitedeveloped at the contact withaTertiary
intrusion (Warfield and Rutledge, 1951; Nelson and others,
1985). Pyrite and chalcopyrite are generaly restricted to
contact-metasomaticzones within the Kamishak Formation.

Reconnai ssanceexploration geochemical studies of the
area around these copper-rich iron-skarn prospectsindicate
that stream sediments have anomal ousconcentrationsof Fe,
Cu, Mo, As, Zn, and Pb, and nonmagnetic-heavy-mineral-
concentrate (NMHMC) samples contained anomal ous con-
centrations of Au, Ag, Pb, and Bi. Rock samplesof skarn
likewise contai ned anomal ousconcentrationsof Fe, Cu, Co,
Zn, Ag, and Au (Reed, 1967; Richter and Herreid, 1965;
King and others, 1985).

Anomaous concentrations of lead, silver, and zinc are
found in galena- and sphalerite-bearing veins in brecciated
limestoneat the Duryea prospect 2 km northeast of the Dut-
ton prospect. Martin and Kaz (1912) described smdl
gdena-sphderite lodes dong fissures in limestone cut by
numerous small dikes. Gaena, sphalerite, and minor
amounts of pyrite are also disseminated in the limestone.
Wesathering of these lodes has resulted in manganiferous
gossansthat carry elevatedlevel sof silver. The Duryeapros-
pect best fitsthe description of aZn-Po skarn mineral deposit
modd (Cox, 1986b).

MINERAL OCCURRENCESASSOCIATED
WITH TERTIARY AND QUATERNARY
VOLCANIC ARC ROCKS

Wilson and Cox (1983) described porphyry Cu minerd
occurrencesin thesouthern part of the AlaskaPeninsula(fig.
1) that are associated with early Tertiary to Quaternary intru-
sve rocks of intermediate composition that intrude earlier
volcanic rocks and marine and nonmarine sedimentary clas-
tic rocks. Studies of the Ugashik and Karluk quadrangles,
immediately south of the Katrnai study area, outlined severa
aess favorable for undiscovered porphyry Cu deposits
(Church, Detterman, and Wilson, 1989; Church, Frisken,

and Wilson, 1989) of Tertiary age (Wilsonand Shew, 1988).

The porphyry Cu occurrences of the Alaska Peninsula are
characterized by drainage basinsin which stream sediments
areanoma ousin both copper and molybdenum and that also
commonly contain anomalous concentrations of tungsten
and tin. In many cases, stream-sedimentsamplesfromdrain-
age basins peripheral to thesecentral geochemica anomalies
areanomalousin oneor more of thefollowing elements. Pb,
Zn, Bi, As Ag, and Au. These zoned geochemical patterns,

which are evident when shown at the 1:250,000 scale, are
indicative of the rdlatively large size of undiscovered por-
phyry Cu deposits. Rocksin the central part of the porphyry
Cu anomay pattern typically contain potassic or phyllic
dteration minerd assemblages. Sulfide minerals are found
in quartz-vein stockworks; pyrite, molybdenite, and cha-
copyritear e asodisseminatedin the host rocks. Altered rock
samples commonly contained anomal ous concentrations of

Cu, Mo, and Co, and, less commonly, Sh and W. Surround-
ing these centrdl anomaliesare zones of argillic and propyl-
itic altered rock containing both disseminated and vein pyrite
and pyrrhotite, and lesser amounts of galena, sphaerite,
arsenopyrite, precious metas, barite, and tourmdine.
Altered and minerdized rock samples commonly contained
anomalous concentrations of Pb, Zn, Cd, Ag, and Ba, and,
less commonly, of As, Bi, or B. Anomaous concentrations
of gold are associated with some porphyry deposits, and
placer gold may be found in streams surrounding porphyry
Cu-Au deposits (Cox, 1986d; Church, Frisken, and Wilson,
1989). Wesathering and oxidation of sulfide minerals com-
monly produce characterigtic yellow-brown and reddish-
brown color anomalies in the bedrock. Hollister (1978, p.

68-76) summarized the geologic and geochemica charac-
teristics of a number of porphyry occurrenceson the Alaska
Peninsula. The most common porphyry-typeoccurrences on
the Alaska Peninsula have characteristicsof the porphyry
Cu, porphyry Cu-Mo, and porphyry Cu-Au minerd deposit
models (Cox, 1986¢.d.e).

Precious-meta-bearing epithermd quartz-vein depos-
its, exemplified by the quartz veins a the Apollo Mine and
Shumagin prospect on Unga Idand, are also found on the
Alaska Peninsula. The Apallo Mine, 470 km southwest of
the Kamai study area, has produced 3,469 kg of gold (Green
and others, 1989). Thisdeposit isin reticul ate, nearly vertica
quartz veins hosted by Oligocene lava flows and domes,
mainly of andesiticcomposition(Atwood, 1911; Wilsonand
others, 1988). The mineralized zone rangesin width from
about 2 to 5 m and extends for more than 250 m. Quartz
veins contain pyrite, chalcopyrite, sphalerite, galena, and
free gold. Stream sedimentsin the area of the Apollo Mine
have anomalous concentrations of Au, Ag, B, Cu, Mo, Pb,
Sn, and Zn (Frisken and Arbogast, 1992).

The Shumagin prospect, also located on Unga Idand,
has smilar mineralogy and geologic features. White and
Queen (1989) reported results fromadrilling program indi-
cating reservesof 270,000 tonnesof gold oreat 16.8 g/tonne
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gold from aquartz vein rangingin width from 1 to 15 mover
alength of 370 m. The ore zone is a pyrite-bearing quartz
vein that contains Au, Ag, Te, Pb, Zn, and Mn a anomalous
concentrations. Anomalous concentrations of arsenic and
copper in ateredrock are detected in some placesin the ore
zone, mercury forms a 75-m-wide halo surrounding the
deposit. Late-stage vuggy quartz veins, which parale the
oreveins,and crosscuttingcarbonate veinsaregenerally bar-
ren of gold. Both the Apollo Mine and the Shumagin pros-
pect, as well as some other prospectson Ungaldland, areon
or near through-going regiona shear zones that have locd -
ized quartz veins in slicified volcanic rocks (White and
Queen, 1989). W.H. White (ord commun., 1990) classified
the Apollo and Shumagin deposits as adul aria-sericite type,
gold-bearing epitherma quartz veins (Hedd and others,
1987).

Base-metd anomdiesin stream sedimentsfrom drain-
age basins periphera to porphyry Cu occurrences are
described in both the Ugashik and Karluk (Church, Frisken,
and Wilson, 1989; Church, Detterman, and Wilson, 1989)
and the Chignik and Sutwik Idand quadrangles (Cox and
others, 1981). Similar geochemica anomay suites are
present in numerousdrai nagebasinswithin the Katmai study
area. Many of theseanomaliesareinterpreted to reflectpoly-
metalic veins (minera deposit modd 22¢; Cox, 19860.
Three previoudy described polymetalic veins from else-
where on the AlaskaPeninsulaare outlined below as exam-
plesof thetypesof polymetallic veinsthat might be expected
in the Katmai study area.

The Braided Creek occurrence (Cox and others, 1981),
165 km south of the Katmai study ares, is described as a
quartz-vein system that strikes N. 20°—45° and dips 70° W.,
cutting the Naknek Formation and Tertiary intrusive rocks.
It contains only a small tonnage and the oreis of low grade
(0.1 percent Cu, 0.2 percent Zn, 0.15 percent Pb, and 0.5 per-
cent As, table 2, Cox and others, 1981). The quartz veins
contain pyrrhotite,arsenopyrite, sphal erite, pyrite, chalcopy-
rite, and galena.

Immediately south of the Katmai study area (15 km) on
Cape Kubugakli, quartzstringers in late Tertiary hypabyssd
dikes (Dettermanand others, 1987) contain stibnite, molyb-
denite, gdena, and tetrahedrite (Smith, 1925; Church, Det-
terman, and Wilson, 1989). Placer gold (5 kg) was produced
fromonestreamdraining thearea(Smith, 1925). Wilson and
O’Leary (1986,1987) reported anomal ousconcentrations of
copper, silver, gold, zinc, and molybdenumin samplesof the
quartz vein from thislocality. Church, Detterman, and Wil-
son (1989) interpreted the geologic and geochemicd data
from thisdeposit to be characteristicd a polymetallic-vein
mineral deposit model (Cox, 19860.

A less wdl sudied Au-Ag-Cu-bearing polymetallic
quartz vein is exposed near Battle Lake, 13 km north of the
Kamai study area. Detterman and Reed (1980) reported that
thisquartz vein, which variesin thicknessfrom afew centi-
metersto as much as 2 m dong a discontinuous outcrop of

about 300 m, cuts Tertiary volcanic rocks. Free gold, chal-
copyrite, pyrite, and an unidentified sulfosat minerd are
present sporadicaly throughout the vein, which is perva
svey stained with malachite. Anomal ousconcentrations of
Cu, Au, Ag, Mn, Pb, and Zn are present in samples of the
quartz vein material (Detterman and Reed, 1980; SE.
Church, unpub. data, 1990).

EXPLORATIONGEOCHEMISTRY
SAMPLE AND DATA COLLECTION

Stream-sediment samples and heavy-mineral-concen-
trate samples from stream sediments were collected from
active stream channels in drainage basins ranging in area
from 5 to 25 square kilometers. A total of 1,198 stream-sed-
iment samples and 1,038 heavy-minera-concentrate sam-
ples were collected during the reconnai ssance geochemica
sampling program during the summer field seasons of
1983-86. Both sample mediawere collected by wet sieving
through a 9-mesh (2-mm) stainless-stedl screen. One 35-cm
gold panfull of sediment wascollectedand about 0.5 kg was
retained as the stream-sediment sample. The remaining
materid was panned a the site to produce the heavy-min-
era-concentrate sample (Bailey and others, 1986).

The minus-2-mm stream sediments were air-dried and
seved throughan 80-mesh screen. The minus-80-mesh frac-
tion was ground to minus-150mesh using ceramic platesand
chemicdly andyzed. The heavy-minera concentrates were
air-dried and sSieved to minus-20-mesh. Following removal
of thelight-minera fraction by flotation in bromoform (spe-
cific gravity about 2.8), the heavy-minerad fraction was sep-
arated into three magnetic splits with a Frantz Isodynamic
Magnetic Separator. The most magnetic fraction contained
magnetite and rock fragments including large amounts of
magnetite. The second fraction was of intermediate mag-
netic susceptibility and consisted of rock fragments as well
as mogt of the more magnetic, mafic rock-forming silicate
minerals. The nonmagnetic fraction contained the high-
specific-gravity rock-forming minerals, such as apatite, zir-
con, rutile, and sphene, as well as minerds that might be
indicative of minerdized areas, such asepidote, tourmaline,
fluorite, barite, scheelite, wulfenite, cassiterite, gold, and the
sulfide minerals. The nonmagnetic fraction was split if ade-
guate sample was recovered, and one portion was used for
minerd identification (1,033 of 1,038 in this study; Bennett
and Church, 1987). A second portion was ground for spec-
trographic analysis (Bailey and others, 1986). For brevity,
the stream-sediment samples and the nonmagnetic heavy-
mineral-concentratesamples from stream sediments will be
referredtoasthe’ SS samples” and the"NMHMC samples,”

respectively, in thisreport.
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During the collection of the reconnai ssancestream sed-
iments, we also examined rocks aong the streamsand sam-
pled materid that contained either veins or disseminated
aulfidesor that appeared to be hydrothermally altered. These
sampleswill bereferred to as''float samples” in subsequent
discussions. Rock samples for geochemica anadlysis were
aso taken from outcrop both during the geologic mapping
and during our followup work. Thesesampleswerecrushed,
solit, and a representative fraction ground to minus-150-
mesh with ceramic plates.

Stream-sediment, rock, float, and NMHMC samples
were anadlyzed by a six-step, semiquantitetive, direct-
current-arc emisson spectrographic method (Grimes and
Marranzino, 1968). For selected rock samples (about 10
percent of those collected), the concentrations of As, Ag,
Bi, Cd, Sh, and Zn were determined by atomic absorption
after digestion in nitric acid. Mercury was determined by
cold-vapor atomic absorption and gold was determined by
aomic absorption after digestion in hydrobromic acid and
separation into methyl-isobutyl ketone (MIBK) (see O'Le-
ary and Meier, 1986). The geochemicd data resulting from
analysis of the SS and NMHMC were reported in Bailey
and others (1986). Geochemica results from analyses of
thefloat and rock sampleswere reported in Riehle and oth-
ers(1989).

The SS samples were adso andlyzed by an ICP-aqua
regia digestion procedure (Church and others, 1987). This
digestion, which wasdone on 0.5-1.0 g of sample, affordsa
more representative sample than the 0.010 g of sample used
in the semiquantitative emission spectrographic analysis.
Anayticd reproduciblity is much better than that given by
semiquantitative emission spectrographic analysis (Church
and others, 1983; 1987). Geochemical datadetermined from
the agua-regialeachates of the SS sampleswere reported in
Erlich and others (1988).

DISCUSSIONOF THE RECONNAISSANCE
GEOCHEMICAL DATA

A map showing thedistributionof SS samplescontain-
ing anomalousconcentrations of selected €l ements was pre-
sented in Church, Bailey, and Riehle (1989). A brief
datigtica summary of the SSdataisgivenin tablel, and the
edemental distributionsof the SS data (fig. 3) are shown by
the boxplot method of Tukey (1977). Threshold vaues were
determined by examination of the histogramsand percentiles
(table 1) of each of theelements plotted.

Maps showing the distribution of SS samples contain-
ing anomalous concentrations of selected e ements detected
in the aquarregia leachates were presented in Church and
Motooka (1989). The ICP andytica procedure was used to
provide data on metds, for example phosphorous, arsenic,

and zinc, which can be more readily determined a crustal
abundance levels by 1CP andytical methods than by semi-
gquantitative emisson spectrography. The aguaregia
leachate data supplement the geochemical resultsfor the SS
samples and were used to enhance the interpretation of the
SS geochemicd data. A brief gtatistical summary of the
agua-regia-leachatedatais given in table 2. Thresholdswere
determined by examination of histograms and percentiles
(table 2), and by evauation of cumulative frequency distri-
butionsaf thee ements plotted (Sinclair, 1976).

The agua-regiadigestion procedure is a partia leach
(Church and others, 1983); the procedure yields dementa
values that represent only partial recoveries from the sam-
ple. Studiesof geochemical data from hand-picked minera
separates show that the agua-regia-leach procedure signifi-
cantly enhances metd anomalies important in exploration
geochemistry. Many oxide, carbonate, and sulfideminerals
are more readily dissolved in agua regia than are silicate
mineras (Church and others, 1987). However, this diges-
tion does not leach sgnificantly most metals bound in sili-
cate mineras. The clay mineras are the only silicatesthat
provide a significant contribution to the geochemical back-
ground. Thus, interpretation of the data must teke into
account the geochemical contrast achieved by the analytica
method. A detailed comparison of the results from the
ICP-agquaregialeach and the semiquantitative emission
procedure can best be made by visud inspection of the
maps of the geochemica anomalies defined by the data
determined using the two methods. The results from both
methods are similar for many elements, and clusters of ele-
ments having anomaous concentrations were determined
for the same locdities with both analytica methods. How-
ever, the ICP-aguaregialeach data define somewhat
broader geochemical anomay patterns and they aso pro-
vide information on the distribution of arsenic and zinc at
crustd-abundancelevel s without additional chemical diges-
tion of the samples. This method, therefore, is a superior
geochemicd techniquefor thisstudy area.

Maps showing the distribution of NMHMC samples
containing anomalous concentrations of selected elements
were presented in Church and Arbogast (1989). These data
are from samples collected and processed to detect trace-
e ement suitesassoci ated with sulfide mineralization, and, as
such, they represent ahighly biased sampling technique. The
NMHMC data are used in this report to refine and further
define geochemica anomaliesoutlined by the two SS data
bases. A brief satigtical summary of the NMHMC datais
givenin table3. Threshold val uesweredetermined by exam-
ination of histogramsand percentiles of the data (table 3).

Of the six types of minerd deposits described earlier,
the geologic mapping and geochemicd data suggest that
the Katma study area is generally favorable for undiscov-
ered deposits of only three: porphyry Cu (Cox, 1986c¢),
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Tablel Summary d emisson spectrogragphicdatafor dreamtsediment samples from the Katmai

dudy area, Alaska.!

[Analysisby semiquantative emission spectrography; al values reported in parts per million except for Mg, Ca, Fe, and Ti,
which are reported in percent. Geometric mean determinedframthelog-transformeddata Dashes(—), no data or insufficient

data)
Ele- DR? Observedrange  Median  Geo- Thres-
ment metric Percentiles hold
mean value3
RDth %th Rh
Mg 1.000 0.2-5.0 1.5 1.41 2.0 2.0 3.0 -
Ca 1.000 .05-10.0 1.0 1.10 2.0 20 20 -
Fe 1.000 1.0-20.0 5.0 5.14 10.0 10.0 15.0 15.0
Ti 0.976 1-1.0 0.5 0.51 1.0 1.0 >1.0 -
B .859 10-1,500 70 14 50 100 175 100
Be .081 1-2 — —— - 1 1 -—
Sr .988 100-700 200 241 500 500 500 -
Ba 1.000 50-1,500 300 333 500 700 700 700
La .035 20-150 —— - —— - 30 -—
Y .999 10-150 20 25 50 50 50 --
Zr 997 20-1,000 100 98 200 200 500 -
Sc 1.000 5-70 20 22 30 50 50 -
Mn 996 50-5,000 1,000 964 1,500 2,000 2,000 2,000
v 1.000 10-1,500 150 197 500 700 1,000 -
Cr 997 10-500 70 64 150 150 200 -
Ni .992 5-100 20 17 30 30 50 50
Co .997 5-150 20 25 70 70 100 70
Cu 997 5-1,500 20 23 50 70 200 100
Mo .055 5-30 — - - 5 10 7
Pb .681 10-200 10 10 20 30 50 30
Ag 027 5-50 - - - 0.5 0.7 0.7
Au .001 200 - - - - -— 10
Zn .119 200-1,500 - - 200 200 500 300
As .003 200 - - - - 200 200
Sb .002 100-500 - - - - 100 100
W .001 50 - —-- - -—- - 50
IData from Church, Bailey and Riehle (1989); andytical determinations madeon 1,198 samples.
eleme:tDetecdon ratio (DR) is the number of uncensored values divided by the total number of samples andyzed for a given

3Threshold values determined from the statistical ditribution of the dataand from histograms of the distribution of each

of the elements(Church, Bailey and Riehle, 1989).

polymetdlic veins (Cox, 1986f), and epithermal quartz
veins (Berger, 1986; Moser and others, 1986; Heald and
others, 1987). On plates 1-3, we outline areas of drainage
basins that contain anomalous concentrations of & ements,
as shown by the reconnaissance geochemical data base,
that are indicative of possible porphyry Cu, polymetallic-
vein, and precious-metal-bearing, epitherma quartz-vein
mineral deposits. Scattered, single-dlement anomalies
shown by the reconnaissance geochemicd data were not
conddered in drawing area outlines unless the samples

were taken from within, or adjacent to, drainage basins
containing multi-element anomalies. For the evauation of
the porphyry Cu and related types of minera deposits,
drainage basins that contain anomalous concentrations of
copper and molybdenum, with or without tin or tungsten,
are shown on plate 1. Occurrencesof schedliteidentifiedin
the NMHMC samples are shown on plate 1, but were not
used to draw the boundariesin this geochemical interpreta-
tion because of the uncertainty associated with the identifi-
cation of schedite in NMHMC samples. The outline of
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Figure3. Boxplot of geochemical data for stream-sediment samplesfrom the Katmai study area, Alaska. Analyseshby semiquantitative
emission spectrography; concentrationsof Mg, Ca, Fe, and Ti areexpressed in weight percent, al othersexpressed in parts per million (see

table 1 for values plotted).

drainage basins having a geochemical signature indicative
of polymetallic veinsis also included on plate 1 and should
be compared with the geochemical signature of the por-
phyry Cu deposits because these are related deposit types
that are commonly peripheral to porphyry Cu deposits
(Cox, 1986¢.f). Drainage basins that contain anomalous
concentrationsof several base metals (Cu, Pb, and (or) Zn,
with or without As, Mo, Ag, Cd, or Bi) are shown on plate
2. Finaly, the geochemical signature of precious-metal-
bearing, polymetalic-vein and epithermal quartz-vein
types of mineral deposits are restricted to drainage basins
that contain anomal ous concentrations of As, Sh, Au, and
Ag, with or without Hg or Mn (pl. 3). Drainage basin sites
where the mineral gold was observed in the NMHMC sam-
plesare also shownon plate 3.

DISCUSSIONOF THE
ROCK GEOCHEMICAL DATA

Geochemical data for rock and float samples have
been interpreted and the results presented in a manner
similar to the reconnaissance geochemica data. Elemen-
tal groupings, based on the geochemical attributes of the
types of mineral deposits defined above, are shown on
plates 1-3 by star diagrams. The rock samples were
placed into seven lithologic groups for statistical analysis
of the geochemical data. The results are summarized in
table 4, where we report the geometric means and the
95th and 98th percentiles determined for each lithologic
group. Entries for elements whose distributions are
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Table2 Summary of aguaregialeachatedaafor dreamsediment samples Katmai Sudy area, Alaska.!

[Analysis by inductively coupled plasma—atomic emission spectroscopy (ICP-AES); al vaues reported in parts per million. Geometric mean determined from the

log-transformed data. Dashes(—), nodataor insufficient data]

Ele- DRe Observed range Median Geometric Percentiles Threshold
ment mean value3
90th 95th 98th
Mg 1.000 320-33,000 3,200 3,276 7,500 9,000 10,500 -
Ca 1.000 370-75,000 3,900 3,885 7,350 8,500 11,000 -
Fe 1.000 4,500-340,000 29,000 30,740 76,000 95,000 120,000 95,000
Al 1.000 1,600-71,000 9,100 8,520 15,000 17,000 21,000 -—
Ti 0.958 7:1-9,800 1,000 753 3,000 4,100 5,500 -
P 947 15-1,500 260 197 410 460 545 -
B 041 27-80 -— -— - - 52 -
Be .149 0.2-10 - - 03 0.5 1.0 -
Sr 959 3.2410 24 20 55 65 76 -
Ba 1.000 1.8-290 34 30 87 100 130 100
La 972 9-11 2.6 2.6 48 5.6 6.6 -
Ce 669 9-18 24 1.8 6.6 8.2 10 -
Y 424 .04-12 - - 32 4.2 5.5 -
Mn 1.000 47-20,000 320 329 635 845 1,300 1,000
\% 959 15-530 88 76 200 250 300 -
Cr .841 3.6-150 24 17 38 45 58 55
Ni 958 1.0-330 7.4 6.9 15 17 22 17
Co 967 2.0-43 84 84 17 21 25 20
Cu 988 .50-910 12 11 27 36 74 50
Mo 144 4-30 - - 0.6 12 22 1.5
Pb 157 3.6-81 - - 83 12 19 12
Ag .005 35-1.0 - - - - - 0.5
Bi .003 16-33 - - - - - 25
Zn .984 8-31,000 40 39 80 97 130 100
Cd .010 4-11 - - - - - 10
Sn .004 2-13 —_— - - - — 10
As 11 5-190 - - 7 12 24 20
Sb .003 14-19 - --- - -— --- 14

IData from Church and Motooka (1989); anaytical determinationsmadeon 1,185 samples. Erlich and others (1988) reported valuesfor tungstenin 31 stream-
sediment samples; however, these sampleshave subsequently been analyzed by the method developed by Welch (1983) and none of the reported valueswas
confirmed. Thisis, undoubtedly, dueto the uncertainty associatedvith theinterference correction for iron on the tungstenline at 239.7 nm (Church, 1981).

2Detection ratio (DR) isthe number of uncensor ed valuesdivided by the total number of samples analyzed for agiven dement.

3Threshold val uesdetermined from the statistical distribution of the dataand from histogramsof the distribution of each of the elements (Church and Motooka,

1989).

censored! were calculated and reported where that
portion of the distribution was determinate. Comparison
of the geometric means and the 95th percentiles for the
bedrock samples with those for the SS samples is pre-
sented in figure 4. Some eements show little variation
in the mean among lithologic groups (for example, Fe,

ICensored distributionsare those distributionsof elementsthat could
not be determined in their entirety becauseof alack of instrumental sensi-
tivity or calibration.

Zr and Co), whereas the means of other dements vary
widely (for example, B, Cr, Zn, and Ni). The data in
table 4, grouped on the basis of lithology, were used to
define anomalous concentrations of each element. Thresh-
old vaues (generdly selected at the 98th percentile)
usd to define the anomalous concentrations for the rock
data ae given in table 4. Threshold vaues were
increased one spectrographic interval above the 98th per-
centile for rock samples from the Naknek Formation for
chromium (to 300 ppm, or parts per million) and nickd
(to 100 ppm) because chip samples taken through the
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Table3 Sunmary of emission spectrographic datafor nonmagnetic-heavy-mineral concentrates from stream sediments, Katmai

study area, Alaska.'

[Anaysis by semiquantative emission spectrography; all valuesreportedin parts per milion except for Mg, Ca, Fe, and Ti, which are reportedin percent. Geometric
mean determined from the log-transformeddata. Dashes(—), no data or insufficient data; >, concentrationis greater than reported value]

Ele- DR? Obsarved range Median Geometric Percentiles Threshold
ment men vaues
ah %th 9%8th
N 0.983 0.0510.0 a3 0.39 2.0 3.0 5.0
Ca 1.000 1200 2.0 238 5.0 7.0 10.0
Fe 997 -1-50.0 2.0 2.39 15.0 200 30.0 20.0
Ti 673 02-2.0 1.5 147 >2.0 >2.0 >2.0
B 910 20-5,000 70 105 1,000 5,000 >5,000 5,000
Be 014 2.0-7.0 — - 2
Sr 564 200-10,000 200 224 1,000 1,000 2,000 2,000
Ba 885 50-10,000 700 839 10,000 >10,000 >10,000 >10,000
La 506 50-2,000 50 41 200 300 500
Y 999 20-2,000 200 255 1,000 1,500 2,000
Zr 132 202,000 >2,000 >2.000 >2,000 >2,000 >2,000 ——
Sc .855 10-200 30 27 70 100 100 —
Mn 1.000 50-5,000 500 592 1,500 2,000 2,000 3,000
v 992 20-3,000 100 113 200 300 500
Cr 650 20-1,000 20 28 150 200 300
Ni 377 10-500 100 150 300 200
Co 609 10-1,500 10 13 70 100 300 200
Cu 805 10-3,000 20 25 200 300 1,000 300
Mo .160 10-2,000 20 50 200 50
Pb 478 20-20,000 — 200 700 3,000 1,000
Bi .041 20-1,000 — — — — 70 20
Ag 161 1.0-2,000 — 5 20 200 30
Au 048 201,000 30 700 20
Zn 102 500-20,000 — 500 1,000 3,000 2,000
Cd 025 50-500 — - — - 50 50
As 061 500-20,000 — 500 1,500 500
Sb 001 500 - - 500 _
w 048 100-5,000 - —_ 100 200 100
Sn 120 20-1,500 20 30 50 30

IData from Church and Arbogast (1989); analytical determinationsmade on 1,038 samples.
2Detection ratio (DR) isthe number of uncensoredvalues divided by the total number of samples analyzed for a given element.
3Threshold val uesdetermined from the statistical distribution of the dataand from histogramsof the distribution of each of the elements (Church and Arbogast,

1989).

sltstone facies of the Naknek Formation, which showed
no evidence o dteration (Riehle and others, 1989).
would have been classified as anomaous if the 98th per-
centile had been used as the threshold. Since many o
the minerdlized areas are underlain by rocks o the
Naknek Formation, the lower threshold vaues for chro-
mium and nickel used on plate 1 may reflect a lithologic
component (that is, at the 95th percentile). The thresh-
olds established for the SS samples (table 1) were used
to pick appropriate threshold values for the rocks that

were collected from altered areas and for the float sam-
ples (Riehleand others, 1989).

FACTOR ANALYSISOF THE
RECONNAISSANCEGEOCHEMICAL DATA

Factor analysis of the reconnai ssancegeochemical data
for the SS and NMHMC samples was used to define
geochemicd suitesthat might indicateareas of mineralized
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Table4. Summary of geometric meansand the 95th and 98th Table4. Sunmary of geometric meansand the 95th and 98th
percentiles of individual element distributions for seven percentilesof individual element distributionsfor seven
lithologic groupsin the Katmai study area, Alaska. lithologic groups in the Katmai study area, Alaska—Continued.
[Mg, Ca, Fe, and Ti arereported in weight percent, al other elementsarereported - .
in partsper million. Analysishy semiquantitative emission spectrography except 1Unit 2—Continued
where noted by an asterisk (*), whichindicates datadetermined by atomic Co® 2 3
absorption; mercury (Hg*) determined by cold-vapor atomic absorption. Dashes As* — 20 30
(--), nodata; the geometric meansor the variouspercentilescannot be caculated S+ — 2 3
where the distribution of a given element iscensored. No valuesgivenfor Hg* — 24 50
percentiles where datanot determinate; >, concentrationis greater than reported - Uit 3
value. Datasummarized from Riehle and others, 1989] n
Mg 1.08 2 3
Elemet  Geomaricmenn  95th percentile 98th vercentle Ca 56 3 5
1Unit 1 Fe 3.77 10 15
e WG = = Ti 32 7 7
R T T
Ti 0' 36 0.7 1.0 Sr 201 700 1,000
' ' ‘ : Ba 514 1,500 2,000
B 24 100 300 e 5% 200 200
St 262 700 1,000
33 352 1’528 2’028 S 17 30 30
Mn 636 2,000 3,000
Zr 75 200 200 v by 200 300
< 20 50 50 C{ 53 200 200
Mn 952 3000 >5,000 gg 2 I o
é r 1% ggg g% Cu 20 100 200
: Mo 7
Ni 13 70 100
Co 20 70 100 Z 12 50 70.5
Cu 20 150 200 - 05
Mo - - 7 A .y !
M 50 50 n* 63 190 335
Ag - 5 1 Cd* - 6 9
A g)% 30 100
Zn* 36 100 210 . - 3 06 4 20
Cd* 15 050 He = ' '
Ast 25 30 "Unit 4
S 5 Mg 129 3 5
Ca 1.60 3 5
- e 19 28
He Y, Fe 354 10 10
Mg TE 3 Ti 27 5 5
gé" ig? 18 g B 13 50 100
Ti ) 5 7 Sr 277 700 1,000
! 34 : : Ba 431 1,500 2,000
Y 22 50 70
B 26 100 150 200 200
Sr 261 700 1,000 Z 3
Ba 498 1,500 2000 - 16 50 50
Y 24 2(5)8 2(7)0 Mn 739 1,500 2,000
Z 89 Y 100 300 300
cr 19 150 200
R 19 30 50 Ni 1 50 50
Mn 778 2,000 3,000 Co 7 20 100
Vv 158 300 500 Sy 23 150 500
Cr 75 200 200 Mo
Ni 28 70 70 Fo 30 50
Co 21 50 50 Ag -
Cu 30 100 200 AL
Mo — . 5
n* 27 60 140
Po 9.7 50 50 S Ca . 2 25
Ag - - : Ast 10 15
AU — .05 .08 I . — -

Zn 60 130 155 He* 09 16
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Table4. Sunmary of geometric meansand the 95th and 98th
percentilesdf individud dement digributionsfor seven
lithologic groups in the Katmai Sudy ares, Alaska—Continued.

Tabled, Summary d geometricmeans and the 95th and 98th
percentilesd individud dement digtributionsfor seven
lithologic groupsin the Katmai Sudy area, Alaska—Continued.

1Unit § Wnit 7
Mg 1.60 3 5 Mg 1.56 3 5
Ca 1.29 3 5 Ca 1.65 3 5
Fe 45 10 15 Fe 4.17 7 10
Ti 44 5 7 Ti 35 .5 7
B 17 50 70 B 12 50 70
Sr 410 1,000 1,500 Sr 346 700 1,000
Ba 481 2,000 2,000 Ba 362 1,000 1,500
Y 22 50 70 Y 28 70 100
Zr 98 150 200 Zr 96 200 200
N 21 30 50 N 22 30 50
Mn 770 1,500 2,000 Mn 852 1,500 1,500
v 162 300 500 ' 132 200 300
c 36 200 200 €3 20 150 200
Ni 19 70 100 NI 14 50 50
co 24 50 50 (€0] 23 50 50
Qi 27 100 150 Qi 25 100 100
Mo - 10 15 Mo - 5 7
R 7.4 50 70 Fo 30 50
Ag - N} 3 Ag -— -—- ——
Au* -— .08 .10 Au* - - -
n* 43 90 100 n* 23 60 80
Qo* - A5 .30 (@i - - 1
As* - 10 15 As* - - 10
S)* — ——— 6 S)* —— — ——
He* 11 115 He* .08 .14
Unit 6 ] o
Mg 170 5 5 ILithologic units: '
G 199 5 5 1, Metamorphosedrocks northwest of Bruin Bay fault (Kakhonak Complex, |
' Cottonwood Bay Greenstone, Kamishak Formation, Talkeetna Formation)
3.78 10 10 and, locally, southwest of Bruin Bay fault, hornfelsed rocks adjacent to
Ti .36 7 7 plutons; 94 samples were analyzed for most elements.
2, Mesozoic sedimentary rocks (Naknek, Staniukovich, Herendeen, Pedmar, and
B 12 100 150 Kaguyak Formations); 357 samples wereanalyzed for most elements.
3 326 1,000 1,000 3, Tertiary sedimentary rocks (Copper Lake Formation, Hemlock Conglomerate,
Ra 267 1 ’000 1.500 and undifferentiated Tertiary rocks); 90 sampleswere analyzedfor most
Y 25 "0 "70 dements. . . :
4, Jurassicand Tertiary plutonic rocks of the Alaska—Aleutian Range batholith
z 96 200 200 (gabbro, diorite, quartz diorite, tonalite, granodiorite, and granite) and
Tertiary hypabyssal plutonsand sillsoccurring throughout the Katmai study
Ny 19 50 50 area; 86 samples vare analyzed for most elements.
Mn 623 1,500 2,000 5, Tertiary dikes(primarily middleto late Tertiary); 28 sampleswere analyzed for
Vv 143 300 300 mostelements. , _
a 19 200 300 6, Tertiary volcani _crocks(mformal ly named "volcanicrocksof the Barrier Range"
Ni 20 100 100 and "volcanicrocks north of Naknek Lake"); 474 sampleswereanalyzed for
most elements.
co 19 50 70 7, Quaternary vol canicrocks (chiefly lavaflowsand domesat or near the crest of
Cl\}Jb 26 150 700 the Aleutian Range); 73 sampleswereanalyzed for most elements.
— 7 25
F 84 50 70
Ag - 5 2
AU 1 4 hydrothermal ateration was observed during our field stud-
%g* 38 90 N 170 6 ies. Geochemical detafor the several mediawere compared
As* 30 70 toevaluatethe spatial distributionof geochemical anomalies
P+ 2 2 in relation to the geologic setting.
Hg* 13 20 Factor andysisis amathematical technique that can be

rock. We emphasi ze those areas where mineralized ground
is indicated by clusters of samples having anomalous
geochemica vaues and microscopicaly visible sulfide
minerds. Special attention was given to areas where

used to group elements that behave similarly within a data
set into a smaler number of variables (Johnston, 1980, p.
127-128). These factors are derived from the correlation
matrix to group together elements that show geochemically
coherent behavior. The factors define the mathematical
sructure within the data set and may be interpretablein
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4) from the Katmai Sudy area, Alaska. These ssame parameters are alo plotted for thestream-sedimentdata (SS, seetable 1) for comparison
with variation within differ ent lithologic groups Concentrationsof Mg, Ca, Fe, and Ti areexpressed in weight percent, wher easconcentra:

tionsof all other dementsare expressad in parts per million.

terms of geochemical processes or suites of lithologically
related minerals. The reader is referred to Davis (1973, p.
473-536) or Johnston (1980, p. 127-182) for further discus-
son of factor analysis.

We used the R-modefactor analysis program available
from the U.S. Geologica Survey's STATPAC library (Van
Trump and Miesch, 1977) for theanalysisof the geochemi-
cad data for the SS and NMHMC samples. For the
semiquantitative emission spectrographic data for the SS
samples, a varimax solution was obtained from log-trans-
formed datafor 16 dements for which detection ratios were
greater than 0.86; lead, which has a detection ratio of 0.68
(table 1), was dso included in this solution. The program
first determines the principal componentsfrom the correla
tion coefficient matrix. The number of factors was

determined from the discontinuity criterion described by
Rummel (1970, p. 364). There was asignificant bresk in the
eigenvaluecurve between factor 5(1.11) and factor 6 (0.90),
so afive-factor mode was selected. The five factors were
rotated usng Kaiser's orthogonal varimax criteria; thefactor
loadings(SSFT 1-5) are given in table 5. Seventy-three per-
cent of thetotal variance of thedatais explained by thefive
factors.

Zinc, beryllium, and molybdenum, which may also be
useful in defining areas of mineralized ground, were highly
censored and have detection ratios of 0.119, 0.081, and
0.055, respectively. Correlation anaysis was performed for
each of these dements using subsets of element pairs where
the concentrations of each were determinate. Statigtically
meaningful values of r, the correlatiion coefficient, were
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Table5 Fadtor loadingsfor thefird five factorsefter
vairnax rotetion o the sream-sediment deta, Kama sudy
aep, Alaka

[The five stream-sedimentfactor s(SSFT 1-5) explain 73 percent of the total
varianceof thedataset. Factor loadingslessthan 0.30 areindicated by dashes
(--); loadingsbetween 0.3 and 0.4 are enclosed in parentheses]

Ele- SSFT-1  SSFT-2 SSFT-3 SSFI4 SSAT-5
ment
Mg 0.63 (0.33) (0.35)
Ca .86 -
Fe .88 —
Ti .85
Mn 47 .63
B 0.60
Ba 49 0.45
Co .87
Cr 44 78
Cu 73
Ni .86
Pb 85
Sc .84
Sr -- .58 (0.32)
\'s .89
Y .58 .56
Zr 81
Per cent of total varianceexplained by each factor
34 16 10 7 6

chosen from the tables published by Fisher (1970, p. 211);
thedegreesof freedomwere 2 fewer than thenumber of sam-
ples, and the5 percent level -of-significance value was used.
In this manner, possible geochemica associations for those
e ements whose di stributionswere highly censored and that
have detection ratios greater than 0.05 can be inferred
(Church, Frisken, and Wilson, 1989). Molybdenumand zinc
correlate with lead and copper, whereas beryllium has no
dgnificant correlations. These corrdations suggest that
molybdenum and zinc are members of SSFT-2 (table 5);
however, no statistical sgnificance can be attached to these
geochemica associations. Theseelements, when includedin
thedlementd suitefor agiven factor, areawaysenclosed in
brackets, for example, SSFT-2: Pb, Cu, B, Ba, [M0o], and
[Zn]. Because lead was the mogt highly censored of the
group of elements used for thefina factor analysis solution,
wea soevauated the correlation of lead with other metalsto
verify that lead correlated independently with SSFT-2 when
excluded from the factor analysis modd. Lead was found to
correlate with copper, boron, and barium as indicated in
table5. Inclusion of the more highly censored lead popula
tioninthefactor analysisof thedatafrom the SS samplesdid
not change the factor loading sgnificantly. A similar
gpproach was used for other factor analysis solutionsin this
study in which elements whose popul ations were more than
20 percent censored were included.

A second varimax solution was calculated from the
aguaregia-leachate data from SS (table 2) following log
transformation. These data yidd information on the

Table6. Fadtor loadingsfor thefirg four factorsefter
vaimex rotetion d the datafor aquarregialeechatesfrom
dream sediments, Katmal sudy area, Alaska

[The four factorsdetermined from the aqua-r egia-leachatedatafor thegream
sediments (SSFP 1-4) explain 75 percent of thetotal variance of the data set.
Factor loadingsless than 0.40 are indicated by dashes(—); loadingsbetween
0.3 and 0.4 are enclosed in parentheses|

Ele- SSP-1 SSFP-2 SSP-3 SSFP-4
ment
Mg 0.62 0.63
Ca 71
Fe — ——— 0.86 .
Al .85
Ti — 0.93
P - .86 - —
S 42 .85
Ba .82
La .82
Ce .75
Mn (0.36) 74
\Y - .95
Cr — - 67
Co — — .82 ———
Ni 80 Al
Cu —— ——— p— .82
Zn 46 54
Per cent of total varianceexplained by each factor
31 20 16 8

acid-soluble portion of the SS sample and enhance metal
anomalies detected in the hydromorphic oxide and the sul-
fide minerd components of the SS sample. Seventeen ele-
ments from this data set had detection ratios greater than
0.67. There was a dgnificant bresk in the eigenvadue
curve between factor 4 (1.44) and factor 5 (0.79), so a
four-factor model was selected; the factor loadings (SSFP
1-4) are given in table 6. Seventy-five percent of the tota
varianceof thedataisexplainedby thefour factors.

In the agua-regia-leachate data set, the dements lead,
molybdenum, and arsenic, which may beindicative of areas
of mineraized ground, havedetection ratiosof 0.157, 0.144,
and 0.111, respectively. Correlation analysiswas performed
for each of these eements using subsets of element pairs
where the concentrations of each were determinate follow-
ing the proceduredescribed above. Thefollowing geochem-
ical associations are inferred for these dements. Pb
corrdates with Cu, Zn, and Co; Mo correlateswith Cu, Fe,
Co, and Zn; and As corrdates with Cu, Pb, Zn, Co, and Mo.
These correlations suggest that lead, molybdenum, and
arsenic behave in a way similar to the elements cobalt and
zinc, which are members of factor SSFHP-3 (table 6). How-
ever, lead, molybdenum, and arsenic a so strongly correlate
with copper, which isamember of factor SSFP—4. Theseele-
ments, when included in the dlemental suitefor agiven fac-
tor, aredwaysenclosed in brackets.

A different type of factor anaysis solution was derived
for the geochemical datafor the NMHMC samples. Thelog-
transformed data for 16 elements that had detection ratios
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greater than 0.48 were used. After derivationof theprincipa
components, the principal-component vectors were rotated
to oblique positions representing the extreme variables. The
extreme-variablesol ution was chosen becauseit hasthe best
correlation with the observed mineralogical suitesfound in
the NMHMC samples (Church and Bennett, 1989). There
was asignificant bresk in theeigenvalue curve between fac-
tor 4 (1.53) and factor 5 (0.82), so a four-factor modd was
chosen. Seventy percent of the variance in the data is
explained by the four-factor moddl. The factor loadings
(PCF 1-4) aregivenin table7.

TheelementsNi, Ag, Mo, Sn, Zn, As W, Au, Bi, and
Cd, which may beindicative of sulfidemineralization, have
detection ratios of 0.377, 0.161, 0.160, 0.120, 0.102, 0.061,
0.048, 0.048, 0.041, and 0.025, respectively. Because the
distributionsfor these dements were highly censored, they
were not included in the factor analysis solution as were
other dlements listed in table 3 that have lower detection
ratios. Correlation analysis was performed for each of these
edements, as described above, to determine their possible
geochemicd associations. The following geochemica asso-
ciations are inferred for these dements. Ni correlates with
Cu and Co; Ag correlates with Au; Mo correlates with Cu,
Pb, Sn, and Zn; Sn correlateswith Ca, Fe, and Cu; Ascorre-
lates with Co, Ca, Ti, and Cd; W correl ateswith Ca; and Bi
correlates with Au. All of these elements, except W, are
inferred to be membersof PCF-1, athough the associations
for Ag, Au, Bi, and Cd are wegk. These ten elements, when
includedin theelementa suitefor a given factor, are dways
enclosed in brackets.

GEOLOGICEVALUATIONOF THE
FACTOR-ANALYSISSOLUTIONS

The factor andysis solutionsobtained from the recon-
nai ssancegeochemical datawereinterpreted to hepevaluate
areas within the Katmai study areathat might have potentia
for mineralized rock. The solutionswere evaluated by com-
paring areas that have multi-element anomalies for rock
samples and favorable geologic attributes for mineraized
ground with areasthat have high factor sample-scoresdeter-
mined for the reconnai ssance geochemical samples. Severd
o the factor sample-score plots, which ad in evauating
areas of mineralized and dtered rock, are presentedin fig-
ures5-9. High factor sample-scoresfrom the spectrographic
datafor the SS samples (SSFT) are interpreted to represent
primarily rock compositions, whereas high factor sample-
scoresfor thel CP-aqua-regia-leachatedatafrom SS samples
(SSFP) areinterpreted to represent distribution of acid-solu-
ble metalsin carbonates, hydromorphic Fe-Mn oxides, and
sulfide minerds. In contrast, high factor sample-scores
obtainedfromthe NMHMC samples(table7) areinterpreted
to represent thedistributionof metalsin sulfideminerals. For

Table7. Factor loadingsfor thefird four factorsfram the
nonmagnetic heavy-minerd-concentratedata usng an extrame
vaiablesolution, Katma dudy areg, Alaska

[Thefour factorsderived framthedatafor the nonmagmetic fraction of the
panned concentrates from stream sediments (PCF 1 4) explain 70 percent of the
total varianceof thedata set. Factor loadings|essthan 0.40 areindicatedby
dashes (---) loadingsbetween 0.3 and 0.4 areenclosed in par enthese]

Ele- PCF-1 PCF-2 PCF-3 PCF-4
ment (Cu) (La) Mg) (Sr)
Mg - 1.0
Ca 0.73 0.82
Fe 0.91
Ti (0.34) .96
Mn .61 0.88
B 74
Ba 55 53
Co .98
O . - .88 —
Cu 10
La 1.0
Pb 81
Sc 54 .56 —
S . - — 10
V 44 .85 52 -
Y .86
Per cent of total varianceexplained by each factor
25 23 12 10

the purpose of outlining areas most favorable for sulfide
mineralization, PCF-1 proved to be the most useful.

Mogt SSFT factors reflect the predominant geochemi-
ca sgnature of the underlying bedrock. The map area
defined by SS samples having high SSFT-1 factor sample-
scores (SSFT-1: V, Fe, Co, Ti, Sc, Mg, Y, Mn, and Cr) and
by NMHMC samples having high PCF-3 factor sample-
scores (PFCF3: Mg, Mn, Cr, Sc, and V) islargely underlain
by volcanic rocks of intermediate to mafic composition
(unitsTab and QTv; seefig. 2) and, to alesser extent, by plu-
tonic rocks of intermediate composition. This geochemical
dgnature is interpreted to reflect the geochemica behavior
(or presence) of these dementsin the Fe-Ti oxide minerals,
pyroxene, or amphibole.

Samples that have high SSFT-5 factor sample-scores
(SSFT-5: Zr, Y, Ba, and Sr), and high SSHF-1 and SSHP-2
factor sample-scores(SSFP-1: Al, Ba, La, Ce, Ca, Mg, Sr,
and Mn; SSFF-2: V, Ti, P, Sr, Ni, and Zn) from the partid
leaches are interpreted as having been derived from Meso-
zoic sedimentary rocks (KJs; seefig. 2). Samplesthat have
high PCF-2 factor sample-scores (PCF-2: La, Ti, Y, V, B,
Ca, Sc, and Mn) appear to represent resi stent detrital miner-
ds from the Naknek Formation. However, some samples
having high PCF-2 factor sample-scores also are present in
the area underlain by volcanic rocks of the Barrier Range
(Tab; seefig. 2).

Samples having high SSFT-3 factor sample-scores
(SSFT-3: Ni, Cr, and Mg) are interpreted as containing a
high concentration of mafic minerals, and their localitiesplot
in areas underlain by the Naknek Formation (KJs; seefig. 2)
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and Tertiary volcanic rocksof the Barrier Range (Tab). The
Naknek Formation, athough largely composed of feldspar
and quartz, which were not detected by thisanalysisbecause
sodium, potassum, aluminum, and slicon were not
determined, containslenses of resistant detrital mineral sthat
erode into theactivedrainage basins. Thus, they appear to be
asourceof resistant heavy minerasdetected by thisanayti-
ca technique.

Samples having high SSFT-4 factor sample-scores
(SSFT—-4: Ca, Mn, Sr, and Mg) areinterpreted to reflect car-
bonate mineral sin the M esozoicsedimentaryrocks(U s; see
fig. 2). Thedistributionof sedimentary bariteisshown by the
distribution of sample localities having high PCF—4 factor
sample-scores (PCF—4: Sr, Ca, and Ba, fig. 5) associated
with the M esozoi csedimentary rocks. Bariumasoisamem-
ber of the minerdization factor (PCF-1), reflecting aress
where there are multi-dement base- and precious-metd
anomadlies. The separation of thetwo typesof bariteisposs-
ble in factor analyss because the association of barite with
sulfide mineras provides a correlation matrix that is differ-
ent from that of theassociation of barite with carbonate min-
gds in the sedimentary environment. The digtinction
between hydrotherma barite and sedimentary barite is
apparentin comparing thedistributionof NMHMC samples
that contained abundant barite with those sample localities
that have high PCF-4 factor sample-scores (fig. 5). High
PCF-4 factor sample-scoresfor the zone of altered rock sur-
rounding Ikagluik Creek areamay alsoreflect hydrothermd
circulation within the Naknek Formation in the vicinity of
inferred, unexposed small plutonsin thearea.

Theremainingfactorsareinterpreted toreflect the pres-
ence of mineralized or ateredrock within the Katmai study
area. Factor SSFP—4 is interpreted to represent propylitic
minerd assemblages surrounding Tertiary intrusive centers
(Ti, Tg; fig. 6). Factor SSFT-2, the mineraization factor in
the SS reconnai ssancedata, appearsto be the most useful for
outlining areaswhere mineralized rock occur (fig. 7). Factor
PCF-1 is interpreted to represent sulfide mineras in the
NMHMC samples (fig. 8). Factor SSFP-3 is interpreted to
represent the acid-soluble sulfides and the hydromorphic
oxide and carbonate mineralsthat result from weathering o
minerd deposits (fig. 9).

Samples having high SSFP—4 factor sample-scores
(SSFP-4: Cu, Cr, Mg, and Ni) are from the outcrop area o
the volcanic rocks of the Barrier Range (Tab, fig. 6), from
theareaaround Fourpeaked M ountainon Cape Douglas, and
from an areasurrounding the Tertiary plutons(Tg, fig. 6) on
either side of Kulik Lake. Sampleshaving high SSFP-4 fac-
tor sample-scores(fig. 6) areinterpreted to contain abundant
chlorite derived from zones of propylitic dtered rock
(Church and others, 1987). Samples having high SSFP-4
factor sample-scores are from drainage basins containing
anomaous concentrations of metals in the Cape Douglas
area, where Tertiary plutons (Ti, fig. 6) intrude Mesozoic
(KJs, fig. 6) and Tertiary sedimentary rocks(Ts, fig. 6). The

rock geochemical data are indicative of undiscovered por-
phyry Cu deposits and polymetdlic veins (pls. 1 and 2).
Samples having high SSFP-4 factor sample-scoresalso are
fromlocdlitiesin the areaaround Kulik Lake, where middle
Tertiary granitic rocks (Tg, fig. 6) intrude the Jurassic
bathaolith (Ji, fig. 2) and older metamorphicrocks (JFem, fig.
2), as wel as the Mesozoic sedimentary rocks (KJs). The
rock geochemical datafrom thisareaareindicative of either
undiscovered porphyry Cu deposits or polymetdlic veins
(pls. 1 and 2). Although not readily apparent from the
mapped areas of dteration (fig. 6), the hornfelsand plutons
a Kulik Lake and on Cape Douglasshow the strongest pro-
pylitic ateration signature in the rock geochemica data
Theseareasareindicated by the presence of anomalouscon-
centrations of cobalt, nickel, chromium, and boron (pl. 1).

Samples having high SSFT-2 factor sample-scores
(SSFT-2 Pb, Cu, B, Ba, [M0], and [Zn]) indicate areas
favorable for porphyry Cu and porphyry Cu-Mo deposits,
and for polymetallic veins associated with Tertiary (Tg, Ti;
fig. 7) and Tertiary and Quaternary (QTv) intrusive centers
(fig. 2). Four prominent areas of geochemica anomalies
were defined on the basis of anomalous concentrations of
Cu, Mo, Ag, Pb, Zn, and B in the SS data (Church, Bailey,
and Riehle, 1989). High factor sample-scores for SSFT-2
asoshow theseareasto beanomalous. The Kulik Lakearea,
intruded by the middle Tertiary granites (Tg, fig. 7), is
geochemicaly anomaous. A suite of samples having high
SS-T-2 factor sample-scores are aso from locdities that
define the area where middle Tertiary intrusive rocks (Tg,
fig. 7) crop out near Kulik Lake. A prominent cluster of
multi-dlement geochemicd anomdies in the SS data
(Church, Bailey, and Riehle, 1989) isevident in the western
Buttress Range, where Tertiary plutons (Ti, fig. 7) intrude
Mesozoic sedimentary rocks (Kds, fig. 2), in the Naknek
Formation at Mount Katolinat, and in the area near Mount
Griggs (Knife Peak), where widespread base-metd anoma-
lies are associated with polymetalic veins in the Naknek
Formation (KJs, in part; fig. 2). Samples having high
SS-T-2 factor sample-scoresindicate and somewhat extend
the area of these geochemica anomalies. Geochemica
anomaliesin SS data aso are evident on the south side of
Cape Douglas (Church, Bailey, and Riehle, 1989). Samples
having high SSFT-2 factor sample-scores are from an area
underlain by dtered and contact-metamorphosed sedimen-
tary rocks (unitsTs and KJs, fig. 2) and intrusive (Ti, fig. 7)
rocks northeast of Big River on the south and east sides of
Fourpeaked Mountain. A small cluster of samplelocalities
having high SSFT-2 factor sample-scores also correlates
with asmall group of base-metal geochemica anomalieson
the north sde of Ninagiak River where Tertiary plutons
intrude the Mesozoic sedimentary rocks (KJs, fig. 2). One
sample collected near the head of Dakavak Bay has a high
SS-T-2 factor sample-score. There are scattered geochemi-
ca anomdiesin the Kgulik Mountainswhere late Tertiary
and early Quaternary volcanic rocks (QTv, fig. 2) intrude
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Figure 6. Map of the Katmai study area, Alaska, Show ng correlation of high aqua-re& -leachate factor 4 sample-scor es(SSFP—4: Cu, Cr, Mg, Ni, [Pb7], [Mo?], and
[As?]) sample-scores with zones of altered rock, particularly in the volcanicrocksof the. Barrier Range(Tab), where SSFP—-4 sample-scores are high for zones of propy-
litic(?) alteration. Open triangle represents |ocality for which the factor sample-scoreexceeds95th percentile of the. dta Open, inverted triangle represents |locality for
which factor sample-score exceeds98th percentile. See figure 2 for explanation of other geologicmap symbols.
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Figure7. Mapd theKatmai study area, A aska, showingdistributiond localitiesfor which sream-sedimentfactor 2(SSR-2: Pb, Cu, B, Ba, [Md] and (Za]) sample-
scores are high Thisvariablereflectsasuited éementsthat characterizeareas in the Katmal study areafavorablefor undiscovered porphyry Cu and porphyry Cu-Mo
depositsand for polymetallic veindeposits. SSR-2isshownas apoint plotof high factor sample-scores, smal opendirderepresents | ocdity for whichthefactor sample-
score exceeds90th percentile, whereas larger open circle representslocality for which the factor ssmple-scoreexceeds 95th percentile. See figure 2 for explanation of
other geologicmgp symbols.
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Mesozoic sedimentary rocks (KJs, fig. 2). These geochemi-
ca anomalies are aso delimited by locdities for samples
having high SSFT-2 factor sample-scores(fig. 7). Compari-
son of areas delimited by localitiesfor samples having high
SSFT-2 factor sample-scores with the rock geochemica
anomaies(pls. 1 and 2) a sosuggeststhat thisfactorisindic-
aiveof areasthat have potentia for either undiscovered por-
phyry Cu or polymetallic-veindeposits.

Many of the metasthat are potentialy useful in defin-
ing specific types of mineral deposits are highly censored
and were excluded from factor analysis of the datafor the
NMHMC samples. All of the chalcophile metas correlate
with theel ementsthat definePCF-1 (fig. 8). Sampleshaving
high PCF-1 factor sample-scores (PCF-1: Cu, Co, Fe, Pb,
Ba, V, (Ti), [Nil, [Sn], [Mo], [As], [Ag?], [Au?], [Bi?], and
[Cd?]) serveto augment the geochemica character of areas
defined by high SSFT-2 factor sample-scores(fig. 7). Sam-
ples having the highest PCF-1 factor sample-scores were
collected in the Buttress Range, the Ikagluik Creek valley
east of Mount Griggs (Knife Peak), the area north of the Big
River and south and east of Fourpeaked Mountain, and the
Kulii Lakearea. Samplesthat have high PCF-1 factor sam-
ple-scores aso define areas underlain by volcanic rocks
(Tab, fig. 2) inthe northern part of the Barrier Rangeand by
the Tertiary volcanic rocks north of Naknek Lake (Tv, fig.
2). Samples from scattered localities underlain by the Tal-
keetna Formation on Dumpling Mountain (JF:m, fig. 2) and
from scattered locadlities underlain by the Naknek Formation
(KJs, fig. 2) dso have high PCF-1 factor sample-scores.
Geochemicd anomdlies evident in the NMHMC samples
aso are present in these same areas (Church and Arbogast,
1989). Rock geochemical anomaliesare al soassociated with
theselocalities(pls. 1-3). A detaileddiscussion of the geol-
ogy, rock geochemistry, and evidencefor undiscovered min-
era depoditsis presented below.

Finally, areas of hydromorphicanomalies are outlined
by thedistribution of localitiesfor which sampleshave high
SSHP-3 factor sample-scores(Fe, Co, Mn, Zn, [Pb?],[As?],
[Mo?], and [Cd?; fig. 9). Areas defined by these sample
locditiesexpand the regional extent of the areas outlined by
reconnai ssance geochemical data for samples from an area
east of Mount Griggs (Church and Motooka, 1989). Smdl
clusters of locdlities for which samples have high SSFP-3
factor sample-scoresal so are present in the Big River—Four-
pesked Mountain area, the areaeast of Kulik Lake, and the
aea north of Kukak Bay on the north side of the Barrier
Range. Rock geochemical datafromeach of theseareasare
indicative of polymetalic veins (pl. 2). In addition, the area
o Tertiary volcanicrocks north of Naknek Lake(Tv, fig. 9)
isasoindicated by samples having high SSFP-3 factor sam-
ple-scores. We observed only one locdity within this area
where dtered rocks are present. The recent discovery of the
Pebble Beach porphyry Cu-Au deposit in the Itiamna quad-
rangle was defined on the basis of geochemica anomalies
associated with Fe-oxide phasesand small quartz veins (Phil

St. George, ord cornmun., 1991; Danielson, 1991). Thearea
north and west of Naknek Lake may likewise have potentia
for conced ed porphyry Cu-Au deposits.

GEOLOGICINTERPRETATION

We haveidentified eight discreteareas within the Kat-
mai Study area for detailed discussion and interpretation of
the geology and reconnai ssance geochemistry, and for the
ste-specificevaluationsof mineral occurrences. Theseareas
have been delineated on thebasisof their geol ogic attributes,
geochemistry of therock and float samples, the geochemica
datafrom the SS and NMHMC samples, and NMHMC min-
eralogy. Geochemica resultsfor float and rock samplesare
shown, adong with the summaries of the reconnaissance
geochemicd data, on plates 1-3. Elemental groupings are
based on the geochemica attributesof the types of minera
deposits discussed above. Because more than 2,000 rock
samples were collected, and because many samples were
collected in areas where our followup studies indicated evi-
dence of hydrothermd activity, we have combined the
resultsfrom multiplesamplestaken at the samesite. Further-
more, we havegridded thedatatolimit thenumber of sample
locdlities plotted within a 500-m cdll in order to reduce the
sample density on the maps. This treatment of the data is
necessary to alow visud presentation of the rock geochem-
ical data at the map scale of the plates (1:250,000). This
treatment al so has theeffect of reducing the number of sam-
plelocditiesin mineralized areas that have anomalous con-
centrationsof metds. For the purposesof clarity, only those
samples or groups of samples containing multiple-element
anomalies have been individually numbered on plates 1-3.
Single element anomalies have not, in general, been treated
in this report. The 95th and 98th percentiles for each rock
unit (table4) arethetwo vaues plotted on plates 1-3, respec-
tively (tables 8-10). Data for rock and float samples that
contained anomalous concentrations of metals are givenin
tables 11-18. In these tables, we report, in genera, only
those elements present at anomal ous concentrationsin sam-
plesfromlocaitiesor groupsof localitiesthat showed multi-
eement anomalies. Furthermore, for many localities where
multiplesamplesaf the samerock type were collected, com-
posite resultsare given by rock type and locality; for exam-
ple, the high concentrationsof e ements measured in severd
samples of the Naknek Formation or a Tertiary intrusive
rock would be reported as asingleentry; the highest concen-
tration for a given element was used in the compositeentry.
Complete listings of the andytical data were published in
Riehleand others (1989).

On plate 1 we plotted the Cu-Mo-Sn-W element suite,
which isindicative of porphyry Cu deposits nat only onthe
Alaska Peninsula (for example, Holligter, 1978; Cox and
others, 1981; Church, Detterman, and Wilson, 1989), but
aso in the Cascade Range (for example, Holligter, 1978;
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Figure8. Map of the Katmai study area, Alaska, shoningt he digributionof localitiesfor which heavy-mineral-concentrate factor 1 (PCE-1: Cu, Co, Fe, Pb, Ba, Vn,
(Ti), [Nil. [Mo), [Sn],[AS, [Ag?], [Au], [Bi?] and [Cd?]) sample-scores are high; PCF-1 reflects t he presence Of sulfide minerals int he nonmagnetic heavy-mineral-
concentrate (NMHMC) samples. PCF-1 isshown asapaint plot of high factor sample-scor es; open square represents locality for whicht he factor sample-score exceeds
92nd per centile; open diamond represents locality for whicht he factor sample-scor eexceeds 97th per centile. Seefi gure 2far explanation of other geologicmap synd s.
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Figure O, M of the Katmai study area, Alaska, show ng distribution of localitiesfor which aqua-regia-leachate factor 3 SSP- 3:  Fe, Co, Mn, Za, [Pb?], [Mo?], and
[As?)) sample-scores, which are interpreted to represent hydromorphic anomalies, are high. Open triangle represents |ocality for whicht he factor sample-score exceeds
95th percentile, and open, i nvert ed triangle represents locality for which t he factor sample-score exceeds 98th percentile, See figure 2 for explanation of other geologic
map symbols.
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Church and others, 1984), where similar exploration
geochemistry studies have been conducted. Rock and float
samples containing anomalous concentrations of the de-
ments Cu, Mo, W, and Sn are presented on the top part of the
gar diagram. Anomal ousconcentrations at the 95th percen-
tileareindicated by the shorter vector length, whereasanom-
dous concentrations at the 98th percentile are indicated by
thelonger vector (table8, pl. 1).

In addition, on plate 1 we use the B-Cr-Ni-Co suite to
represent the propylitic alteration haos that surround these
mineralized areas. Factor analysis of suites of rocks from
these various dteration zones (SE. Church, unpub. data,
1990) substantiates this interpretation. Chromium, manga
nese, and boron are present in the silicatemineral sthat make
up the propylitic dteration suite. Manganese (not shown on
pl. 1) substitutesfor calciumin the epidote minera structure
(for example, see Church and others, 1987). whereaschro-
mium and boron substitutein the tourmainestructure. Drav-
ite, the magnesium-rich endmember of the tourmaine
compositionfield (Conklin and Slack, 1983). and schorl, the
iron- and manganese-rich endmember of the tourmdine
compositionfied (Smith and others, 1987) have been shown
toincludesignificant amountsof chromium (as much as 560
and 300 ppm, respectively)in the crystd lattice. Anomalous
concentrations of both cobalt and nicke are interpreted to
reflect the minerals pyrite or pyrrhotite in propylitic ater-
ation haloes, whereasboth chromiumand nicke al so substi-
tute into hydrotherma chlorite. The dements boron,
chromium, nickel, and cobalt appear to represent the zoneof
propylitic dteration in the Katmai study area. Polymetallic-
vein dgnatures of base-metd suites that commonly are
present within these propylitic dteration halos dso are
shown for the reconnaissance geochemicd data by the
dashed blue outline of thedrainage basinson plate 1.

On plate 2 we present the geochemica data for the
plymetallic-vein mineral deposit type. Rock and float Sam+
ples containing anomalous concentrations of the elements
Cu, Mo, Ag, Pb, Zn, Cd, Bi, and As are shown with the star
diagram. Threshold values used are shownin table 9 (pl. 2).
This suite of metals is typica of base-metd polymetallic
veins associated with porphyry Cu deposits on the Alaska
Peninsula (Cox and others, 1981).

On plae 3 we present the geochemica data for
precious-metd polymetallic and epitherma quartz-vein
typesof mineral deposits. Rock and float samplescontaining
anomalous concentrations of the elements As, Sh, Ag, Au,
Hg, and Mn are shown with the star diagram. Application of
this metd suite is based on the mineral deposit models of
Heald and others (1987), Mosier and others (1986), and
Berger (1986), and on the metal suite found at the Apollo
Mine and the Shumagin prospect on Ungaldand (Whiteand
Queen, 1989). Becauseonly alimited group of sampleswas
analyzed for many of theseelements, threshold vaues (table
10, pl. 3) used werederived from both statistical dataand by

comparisonwith resultsfrom other areas on the Alaska Pen-
insula.

Field descriptions of zones of dtered rock are based on
limited field observations. Mogt of the mineral identifica
tionswere based on hand-lensidentifications,but X-ray dif-
fraction and semiquantitative emission spectrographic data
were used for selected samples. Theterm*pyrite” asusedin
this report is a field minerd-identification term and should
be interpreted only to indicate the presence of a brass-
colored sulfidemineral rather than amineral havingan exact
stoichiometric formulacf FeS,.

The terminology we use to describe quartz veins aso
needs some explanation. The mgjority of the quartz veins
seen in thefield appeared to be small, anastomosing, single-
generation quartz veins that contain finely disseminated
pyrite, in most cases|ess than ten percent. We describethese
amply as "quartz veins" or as ""sulfide-bearing quartz
vens" In some areas, the quartz veins are clearly banded
and some of them also contain vugs near the center of the
vein. In these cases, we describe the veins as "'banded or
vuggy quartz veins" and we indicate the sulfide mineralogy
of the bands within the vein as we have determined by our
hand-lens minerdogica identifications. In some cases,
quartz veins are present along a series of parale fractures;
we use theterm* sheeted quartz veins' to describethe struc-
turd contral of thisvein geometry. Finadly, we use theterm
“stockwork” to describe a complex interlacing system of
anastomosing and reticulate, commonly sulfide-bearing
quartz veins. Feldspar was rarely identified in these veins,
but potassium feldspar was observed dong the borders of
aulfide-bearing, quartz-vein stockwork in the zone of potas-
sicatered rock described below fromthe Margot Creek cop-
per occurrence. We refer the reader to Jensen and Batemen
(1981, p. 111-133) for amoredetail ed description of the use
of economic geology terms used herein.

Because this study is largely reconnaissance in scope,
we have not studied the economic geology in detail in areas
where mineral occurrences have been found. In summariz-
ing our findings, we have considered an entire area having
common geologic attributes rather than individua samples
collected from a single area. We assume that samples that
show similar metd anomaliesand arefromanareaunderlain
by common geology aso have a common origin. Further-
more, we assumethat the conclusionsreached from particu-
lar geologic observationsand geochemical anomaliesshown
by rock samplesfromspecific siteswithinthat areageneraly
aoply totheentirearea. Element suitesthat define a partic-
ular geochemica sgnatureof an areaare listedin decreasing
order of frequency of occurrence for the group of samples
given. In the following discussions, we use an ared
approach rather than one based on mineral deposit typeor on
age. Generdized boundariesof each of the eight areasdis-
cussed areshown in figure 10.



Figure 10. Map of the Katmai study mMa A aska, showing mineral occurrences and eight major areas(A-H) favorablefor undiscovered mineral deposits
Appr oxi nat e boundaries of areas shown by long-dashed lines boundariesof subareas m shown by short-dashed lines A, area north of Naknek B, area
south of Naknek Lake and west of Bruin Bay fault; C, Kulik Lake areg; D, Buttress Range-Tkagluik Creek area; E, Fourpeaked Mountain areg; F, Ninagiak
River area; G, Barrier Range-Kukak Bay area; and H, Kejulik Mountainsarea. High peaksof t he Aleutian Rangeare identified, s some additional phys-
iographic features that are referenced in the tet. QTv, Quaternary and latest Tertiary volcanic rocks of the Aleutian volcanicarc; VTTS, Valley of Ten
Thousand snokes.
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Table11l. Geodhemicd ad geologic datafor sHected samplesfrom the area north of Nakinek Lake Katmai sudy areg, Alaska

[Sampleslisted herehave concentrations that exceed the 95th per centilefor therespectivelithologic unitsasdefined in table4. " SteNo." isthelocality shown on plates1-3;
map unit symbolsarethoseon the geologicbase map on plates 1-3. An "X" in cdumnsheaded" Vein," “Frac,” a “Alt” indicates thet veins, fracture fill, and (or)
hydrothermally altered rodk, indudingcolor anomaliescaused by theoxidationof sulfide minerals were observed a the samplesite; “Int” indicatesthat thesampleisan
intrusverock, or thet there isasill, dike, or pluton exposed nearby. “Lith” indicatestherock typeof thesample 1, sandgonear siltstone; 2, conglomerate 3, volcaniclastic

Site  SampleNo. Map Mn Cr Ni. Co Cu Mo Sn Pb Ag Bi Zn Cd
No. unit
1 84YB101 Tva — - e emm -—- - -— 100 -- - - -
2 84YB102 Tva -— - e e - - —— 70 — — - -—
3 83RJ1242 Tva - — eme eem - 15 —— - -— -— -— —
4 84RJ052C Tva - 1,000 200 70 --- - - - --- - - -

AREA NORTH OF NAKNEK LAKE

Ealy Tertiary volcanicrocks, mainly flat-lying andes-
itic lava flows (Tva), but also including a few plugs and
dikes of basdlt (Tvb), crop out north of Naknek Lake and
west of the Bruin Bay fault (fig. 10), within the Nushagak—
Bristol Bay Lowland province. The terrain comprises low
hillsof only afew hundred metersrdlief. Many of the areas
shown as outcrops are partially covered by extensive,
dthough locally thin, glacial deposits (Riehle and Detter-
man, 1993). Except for incipient chlorite replacement of
some mafic phenocrystsin the lavaflows, little evidence of
hydrothermd alteration was observed.

The reconnai ssancegeochemical data define scattered
drainage basins yielding samplesthat contained anomaous
concentrationsof Mo, W, Cu, Zn, or Ag (pls. 1 and 2). The
NMHMC samplesfrom thesedrai nage basinsal so contained
scheelite, sphalerite, or gold a some localities. NMHMC
samples from three drainage basins northwest of Sugarl oaf
Mountain contai ned anomal ous concentrationsof silver and
gold (pl. 3). Aquarregialeachate data for the SS samples
define an area of Fe-Mn-Asanomdiesin the King Samon
Creek drainage north of the west end of Naknek Lake
(Church and Motooka, 1989). Fe-oxide coatings were
observed in the lava flows throughout the area. Typically,
they arethin, red hematitecoatingsal ongfractureswithinthe
flows. The origin of the hydromorphic oxide Fe-Mn-As
anomaly pattern in the SSis best explained by the presence
of these Fe-oxide coatingsin the lavaflows.

Hydrothermally dtered rock, veins, and mineraized
fracturesare generaly lacking in thisarea. Only afew rock
samples are geochemically anomaous (sites 1 4, table 11).
Six additional samples of mafic igneousrock contained high
concentrationsof nickel, chromium, or cobalt, such as those
sen at Ste4, and are not includedin table 11. These sam-
ples contained one or more of these elementsat concentra
tions jugt above the 95th percentile and are interpreted to
reflect olivine and pyroxene present in basdltic rocks. We
interpret these bedrock datato reflect a high background for
nickel, chromium, and cobalt, rather than beingan indication
of mineralized rock.

A small outcrop at site 3, east of Sugarloaf Mountain
(T. 15S, R 40W.), istheonly outcrop of intensely atered
rock. The protolith was a foliated, probably slicic tuff or
dome that is now completely recrystallized to quartz and
zeolitesandiscut by thinveinlets of quartz and chlorite. This
dtered rock sample contains 15 ppm Mo. SS samplesfrom
drainage basinson either side of site 3 aso contained anom-
dous concentrationsof molybdenum. SS samples from the
drainagebasin on the north side of Sugarloaf Mountain con-
tained anoma ous concentrations of copper. The NMHMC
samples from the drainage basin on the south side of Sugar-
loaf Mountain contained anomaous concentrations of
molybdenum and tungsten. Gold was detected in drainage
basns both east and northwest of Sugarloaf Mountain
(Churchand Arbogast,1989). Rock samplesfromsites1 and
2 aso contained anomal ous concentrationsof leed.

In summary, thereis only sparse geologic or geochem-
ica evidencefor either undiscovered porphyry Cu (pl. 1) or
polymetdlic-vein (pl. 2) depositsin the Tertiary volcanic
rocks north of Neknek Lake (Tva, Tvb). However, the
geochemica datafrom thisareaare permissivefor conceaed
depositsof thesetypes. The Fe-oxidedterationissimilar to
that reportedfor the areasurrounding the Pebble Beach por-
phyry Cu-Au deposit, in the lliamna quadrangle (Danielson,
1991). The interpretation of the aeromagnetic data for the
Naknek quadrangle (Church and others, 1992) suggeststhat
Tertiary(?) plutons are present in the subsurface. A number
of small gold placer clamswereplattedin thedrainagebasin
immediately north of Sugarloaf Mountain (U.S. Bureau of
Mines, unpub. data, 1990; Church and others, 1992). Gold
and slver anomaliesin NMHMC samplesfrom thedrainage
basins east and northwest of Sugarloaf Mountain indicate
areasthat may be favorablefor precious-metal-bearingepi-
thermd quartz veins (pl. 3).

AREA SOUTH OF NAKNEK LAKE AND

WEST OF THEBRU NBAY FAULT

The rocks in this area are largely Jurassic intrusive
rocks (Jgr, Jod, Jqd, Jgb) of the Alaska-Aleutian Range
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rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone; and (*), float sample. Mineralogy isgenerally based upon field
identifications of hand specimens: py, pyrite cpy, chalcopyrite; asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Fe ox., iron oxides; dissem.,
disseminated mineral grai ns in sample. Dashes(--), concentrationsnot anomalous or featurenot observed; all concentr ationsexpr essedin partsper million (ppm); >,

concentrationi sgreater than reported value]

Ste  SampleNo. Map Au As D Hg Alt Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence
1 84YB101 Tva - - 4 - -
2 84YB102 Tva - — - 4 .- e
3 83RJ242 Tva -— - - - X - 3 - X Qtz veins
4 84RJ052C Tva -— --- - - e 4 — -

bathalith, ranging from granitic to gabbroic in composition,

and the older sedimentary and volcanic rocks of the
Kamishak (R K) and Takeetna Formations (Jt), the Cotton-
wood Bay Greenstone (Rc), and the metamorphosed rocks
o the Kakhonak Complex (JPek). Samples of -the intrusive
rocks weretaken wherethey were cut by quartz veinsor con-

tained disseminated pyrite. Many of the outcrops sampled
are metamorphosed roof pendants within the batholith and
are locdly iron stained, presumably by the oxidization of

pyrite. Rock samplesfrom thisarea (samplelocalities 5-28,

pls. 1-3) that contained anomal ousconcentrationsof metals
aresummarizedin table12. On the basisof exploration stud-
ies in the TakeetnaFormation northeast of the study area
(Newberry, 1986; Newberry and others, 1986), these iron-
stained zones were sampled for possiblestratabound minerd

occurrences.  Steefdl (1987) subsequently described a
Kuroko-type massive sulfide deposit in the Talkeetna For-
mation north of the Katmai study area.

On the south side of Naknek Lake east of Dumpling
Mountain (T. 18 S, R. 38-39 W.; pl. 1), reconnaissance
geochemica samples from a few scattered localities con-
tained anomal ousconcentrationsof Cu, Mo, Ag, Pb, Zn, W,
Au, Bi, or Cd (Church, Bailey, and Riehle, 1989; Church and
Arbogast, 1989). Mog of these anomalies were from
NMHMC samples collected in drainage basins that are
underlain by rocksof the TalkeetnaFormation (Jt). Wulfen-
ite, galena, sphalerite, and gold were identified in some of
the NMHMC samples (Church and Bennett, 1989). Rock
samplesfrom sites5-7 contained anomal ousconcentrations
of molybdenum, chromium, and nickel. One sample (site 6)
contained anomalous concentrations of molybdenum in a
sndl tourmaline-bearing quartz vein. In general, however,
we observed littleevidence of mineralizedrock in thisarea.

We aso found no consistent suite of geochemical
anomaliesin SSand NMHMC samplesfrom drainagebasins
underlain by Jurassic bathalith rocks or the roof pendants
fromthe central part of the study areasouth of Naknek Lake
and west of the Bruin Bay fault (T.20S., R. 39-40W. toT.
24S, R. 42-43W.). Scattered, single-element anomaliesof
Cu, Co, Ag, Pb, or Au areshown by some NMHMC samples
collecteddownstream from theiron-stained zones in the roof

pendants (Church and Arbogast, 1989). Chalcopyrite was
identified in one NMHMC sample, but sphene and rutile,
both of which areassociated with stratabound occurrencesin
the TalkeetnaFormationfarther northeast (Newberry, 1986),
were not abundant (Bennett and Church, 1987). Occurrences
of galenaand sphaerite were noted in afew NMHMC Sam-
ples from scattered locdlities in drainage basins that are cut
by the Bruin Bay fault (Churchand Bennett, 1989). Gold and
silver were alsofound in afew NMHMC samplesfrom scat-
tered drainage basins within the batholith. However, one
drainage basin on the north side of the King Sdmon River
east of Granite Creek (T. 23 S, R. 42 W.) had anomalous
concentrationsof Mo (Church, Bailey, and Riehle, 1989) as
well as As, Ba, Mn, and Pb (Church and Motooka, 1989).
This drainage basin is underlain largely by rocks of the
Kakhonak Complex (JR:k) and the Kamishak Formation
(RK). Detterman and others (1979) described severa dikes
that cut the rocks, and they noted pyrite and magnetitein
dtered sedimentary wall rocks margind to dikesin thisarea.
We did not revisit this area during our followup sampling
program; however, these data indicate the presence of min-
erdized rock in thisdrainagebasin, possibly askarmn minera
asemblage.

Chip samples were taken across iron-stained zones in
the roof pendants(sites 16—19). No quartz-vein stockworks
were found. Thesechip sampleswere primarily from wesath-
ered, pyrite-rich zones that were generdly barren of both
base- and precious-metas. A few samples from scattered
locditiescontained mogtly single-dlement anomaliesof Mo,
Cu, Pb, Zn, or As These samples appeared to be weakly
atered and werecut by thin quartz veins. Small, pyrite-bear-
ing quartz veins containing epidotewere sampled at site 17.
These iron-stained zones are similar to the stratabound,
pyrite-rich zones at the Sheep Mountain occurrence in the
TakeetnaFormation (Newberry, 1986). However, they may
a so result from contact metamorphismduring the emplace-
ment of the batholith. Whereasthe Talkeetna Formation (Jt)
in these roof pendants is permissve for undiscovered
Kuroko-typemassivesul fidedeposits, our geol ogic mapping
and geochemica data do not indicate areas favorable for
undiscovered Kuroko-type massive sulfide deposits in the
areasouth of Naknek Lake and west of the Bruin Bay fault.
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Table12. Geochemical and geologic datafor selected samplesfrom the areasouth of Naknek L ake and west of Bruin Bay fault, Katmai

[Samples listed herehave concentr ationsthat exceed the 95th per centilefor the respectivelithologicunitsas defined in table 4. " SiteNo." isthe locality shown on plates 1-3;
map unit symbolsarethoseon the geologic basemap on plates 1-3. An "X" in columnsheaded " Vein," " Frac," or “Alt” indicatesthat veins, fracturefill, and (or)
hydrothermally alteredrock, including color anomaliescaused by the oxidation of sulfideminerals were observed at the ssamplesite; “Int” indicatesthat the sampleisan
intrusiverock, or that thereisasill, dike, or pluton exposed nearby. “Lith” indicatestherodk type of thesample: 1, sandstoneor siltstone; 2, conglomerate; 3, volcaniclastic

Site  SampleNo. Map Mn Cr Ni Co Cu Mo Sn Pb Ag Bi Zn Cd
No. unit

5 83RI213 Jt - - . - - 20 — — - — -

6  84RJ180B JRk .- — 10

7  86RJ090 Jt 500 100 —

8 83RJ223 Jt - — 100

9  84EMO73C  Jad 1,500 - 100

9  84RJ163C Td 200

9  84RJ163D Jgb 500

10 83RI220 Jgb 50 0.2
11 83RJ221D Jad - 100

12 K3075RA Jad — 70 150

13 K3159RA Jad 10 — —

14 85RJ042 Jgd 130 2
15  KI075RA Jad 7 1 R

16  K2654RA ®* — 150

17 K3158RJ Jad — S 100 7 200

18  K3156RC JRk

19 K3157RA JPek 15

20  85RJO53 Jar 1,500 300 —

21  85YB201 Jad —

22 85YB205 Qac 1,500 200

23 84YB09%4 Jar — - 5000

24 85RJ021 1 15 - 200 100 -

25  83RI228 Re — 100 100

26  84YB095 ke — 100 100 1.0 -

27  85RJ029 1 1 — 100 - 200

28 83RI229 ke - 1,000 500 100

Rock samples collected from Jurassic intrusive rocks
(sites9-15, 20, 23) contained anomal ous concentrations of
Cu, Co, Mo, Cd, or Mn, and, less commonly, of Pb, Zn, or
Ag. Mogt of the samples contained only single-element
anomaliesand wererarely associated with ateration or frac-
turefillingin theintrusive rocks. A samplecontaining 5,000
ppm Cu isfromazonedf iron-stainedquartz veinsin aduras-
sicgranite (Jgr) that iscut by felsicdikes (site23; T. 25S,,
R. 43 W.). We found no continuous zones of mineralized
rock within the Jurassic batholithic intrusive rocks (pl. 2).
Thesedataextend the observations of Detterman and Reed
(1980) on the urassicintrusiverocksfrom thelliamna quad-
rangle and confirm that, in genera, the Jurassic intrusive
rocks of the Alaska—Aleutian Range batholith do not consti-
tute a favorable minera exploration target on the Alaska
Peninsula. However, site 23 warrants further investigation
for an undiscovered polymetallic-veindeposit.

Samplesof the Upper Triassic Cottonwood Bay Green-
stone (Rc, sites24-28) from Blue Mountain (or theeast end
of WhaeMountain; T. 24-5 S., R 43-44W.), on thenorth
shore of Becharof Lake, contained anomalous concentra-
tions of nickel, cobalt, copper, and chromium. One sample,

in which pyrite and Fe-oxideswere concentrated aong ver-
tica fractures, contained 1 ppm Ag. Some samples adso
contained small quartz or pyrite veins aong fractures.
Although these rocks are permissive for undiscovered
Cyprus-type massive sulfide deposits (Singer, 1986b), we
interpret this geochemical association as a reflection of the
mafic composition of the rocks rather than as an indication
of undiscovered Cyprus-type massive sulfidedeposits.

KULIK LAKE AREA

In the north-centrd part of the Katmai study area, mid-
dle Tertiary granodiorite (Tgd) and quartz diorite (Tqd)
intrude Jurassic plutons (Jgd, Jgd) and form contact-
metamorphic aureolesin the surrounding rocks (units Jt, Jn,
and Kh). This 400-km? area, referred to as the Kulik Lake
area (T. 14-17 S, R. 31-38 W.), extends north from Lake
Grosvenor to the boundary of the Mount Katmai quadrangle
(fig. 10). Bedrock iswell exposed, and thetopographicrelief
of theareais as much as 600 m. Glacial depositsare sparse
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study area, Alaska

rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone; and (*), float sample. Mineralogy isgenerally based upon field
identificationsof hand specimens: py, pyrite; cpy, chalcopyrite; asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Fe ox., iron oxides; dissem.,
disseminated mineral grainsin sample. Dashes(--), concentrationsnot anomalousor featurenot observed; all concentrationsexpressed in partsper million (ppm); >,

concentrationisgreater than reported value]

Site  Sample No. Map Au As Sb Hg Alt Int Lith Frac Vein Mineralogy and
No. unit mode of occurrence
5 83RR213 Jt - - - - —-— 14 -
6 84RJ180B JRk - - - - X M - X  Qtz-tourmaline veins
7  86RJ090 Jt -— --- - M -
8§ 83RI223 Jt - - - X 1M - -
9 84EMO073C Jad - - - X 6 - -
9 84RJ163C Td - - - X 5 - -
9  84RJ163D Jgb - - - - X 6 X - Feox. on fractures
10 83RI220 Jgb -— - - - X 6 - -
11 83RI221D Jad -— -— - -— X 6 - -
12 K3075RA Jqd - - - - X 6 — - D!ssem. py
13 K3159RA Jqd - - - - X 6 --- - Dissem. py
14 85RJ042 Jod —_— - - X 6 - -
15 KI1075RA Jad - - - --- X 6 -  --= Dissem. py
16 K2654RA * - X 7 - -- Dissem.py _ '
17 K3158RJ Jgd — - X 5 - - Dissem. py; qtz veins; epidote
18 K3156RC JE:k 200 X ™ - - Dissem.py
19 K3157RA JPRek X m -- -~ Dissem.pyinhornfels
20  85RJ053 Jgr X 6 e e
21  85YB201 Jad - - - 0.28 — e e -
22 85YB205 Qac - - - - 4 — -
23 84YB09%4 Jgr - - - - X 6 -~ X Felsic dikes; Fe ox.
24 85RJ021 e
25  83RJ228° Re - - - - - U -
26  84YBO095 ke - - --- - -- 74 - X Dissem.py
27  85RI029 ®Re - - - - - 75 X X Feox. along vertical fractures
28  83RJ229 &e - — - - X 6 e

in this apine terrain. Prospect pits (fig. 10) were found on
Oakley Pesk, a thewest end of Kulik Lake, and at the Kulik
Kopper [sic] prospect (MacKevett and Holloway, 1977;
Church and others, 1992).

The SS and NMHMC geochemical datafor the Kulik
Lakeareashow aconsistentsuiteof elementsthat are present
a anomalous concentrations (Church, Bailey, and Riehle,
1989; Church and Arbogast, 1989). They indicate a
geochemicad anomaly pattern that is poorly zoned with
respect to the outcrop pattern of themiddleTertiary intrusive
rocks (Tgd, Tqd, Tgb). In the SS samples, Cu, Mo, Pb, and
Ag commonly were present in anomalous concentrations,
whereasZn and B |ess commonly were present & anomal ous
concentrations; As, Sb, Sn, Bi, or Cd were present at anom-
dous concentrations in one drainage basin. In many of the
NMHMC samples, Mo, Pb, Zn, and Ag were present at
anomal ous concentrations, whereas Cu, B, W, Ba, Bi, Cd,
As, or Au anomalies were less common. Scheelite, pyrite,
chalcopyrite, galena, wulfenite, sphalerite, barite, and gold
wereidentified in the mineral ogical studiesof the NMHMC
samples (Church and Bennett, 1989). Drainage basins that
contain anomalous concentrations of copper, molybdenum,

silver,andlead are commonly underlainby Tertiary granitic
rocks. Periphera to these central anomalies are drainage
basinsthat contain anomalousconcentrations of lead, silver,
and, in some places, zinc. Many of the surrounding drainage
basins, which are underlain primarily by rocksof the Naknek
Formation (Jn), contain anomalous concentrationsof gold,
bismuth, tungsten, and arsenic. Thesedrainage-basin anom-
dy patterns are generaly indicative of undiscovered por-
phyry Cu deposits (pl. 1), base-metal-bearing polymetallic-
vein deposits (pl. 2), or precious-meta-bearingpolymetallic
or epithermal quartz-veindeposits (pl. 3).

Samplesof atered rock and float (table 13, sites29-77)
showed multi-elementsuitesof metasat anomal ousconcen-
trations within many of the drainage basins, particularly
those underlain by the Tertiary intrusive rocks (sites 48-49,
52, 57-58, 59, 63, 66, 68, and 69). Zonesof atered igneous
rock, as well as Fe-oxide-stained zones along the marginsof
plutons, are common in areas where we found anomalous
concentrationsof Cu, Pb, Zn, Bi, As, Mn, Ag, and Cd, and,
less commonly, of Mo, Co, Ni, Sb, or Au (pls. 1-3). Finely
disseminatedand vein pyrite, predominantly depositedalong
fracturesor in sheeted quartz veins, is abundant.
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Table13 Geochemical and geologicdatafor selected samplesfrom the Kulik Lakearea, Katmai study area, Alaska.

[Samples listed here have concentrationsthat exceed the 95th percentilefor the respectivelithologic unitsas defined in table4.  "Site No." isthelocality shown on plates1-3;
nap unit symbolsare thoseon the geologic base nap on plates1-3. An"X" in columnsheeded'*Ven," “Frac,” or “Alt” indicatesthat veins, fracture fill, and (or)
hydrothermally altered mck, including col or anomaliescaused by the oxidation of sulfideminerals, were observed at the samplesite; “Int” indicatesthat the sampleisan
intrusiverock, or that thereisasill, dike, or pluton exposed nearby. “Lith” indicatesthe rock typeof the sample: 1, sandstoneor siltstone; 2, conglomerate; 3, volcaniclastic

Site SampleNo. Map Mn Cr Ni Co Cu Mo S Pb Ag Bi Zn Cd

No. unit

29 84RJ17TIB Ut - - - - - - 70 - - - -

30 84RJOSSB  Jt - - - -— --- - - - - - - -

31 85YB248 JP:k - - - - o - — - - -— - -

32 85YB249 Tiu 1,500 - - - - - - - _— - - -

32 85YB250 Tiu 1,500 - — - - - . - -— — - 0.3
33 85YB251 Tiu 1,500 - — - -— - -— - -— - - -

34 85YB254 Tva 2,000 - - - 200 - - - - -— — -

35 85RJ105D It -~ 700 100 - - - - -— - _— - —

36 85YB231 Jt - 500 - - - - -— - - - - -

37  85RJ065 Jt

38 83RJ216A It - 200 70 - - — - - - - - -

38 86RJ0O68A  Jt - - - 100 200 - - - - - - -—

38 K4197RB ™ 1,500 - - - - 20 - -- - - 90 -

39 85RJ075 Jt - - - - 1,000 - - - 20 - 120 2
40 85RJ074C It - - - - - - - - -— - 340 8
41 K4179RA  Tgd - - 50 70 300 7 - 100 - - 70 -

41 K4573RD (%) - — 100 150 2,000 10 -— - 30 — - -

41 K4574RA (%) 5,000 - - 70 - - - 300 - 10 360 -

41 K4574RB ™ - 150 - - 200 - - 70 -— - - -

42 86RJ088 Jad - - - -- 500 - - - - -— - -

43 85RJ072A  Jgb 1,500 - — 100 -— - -- - -— - 150 6
44 85YB237B  Jn 2,000 200 - - - - - - - - - -

45 85RJ062 JRk  >5,000 - - - - - - — — -— 300 -

46 K4194RA (%) - - - - - 10 - - - - - -

47 K4596RA (%) - - - - - 20 20 - - - - -

48 85YB228 Tgd 3,000 - - - - - - 50 - - 165 -

49 K3607RA  Tgd - - 50 - 500 - - 300 5.0 2 70 2
49 K3607RB  Tgd - - - -— 200 - - 200 5.0 2 - -

49 K3607RD  Tgd - - - -— 150 - - 30 - - 95 2
50 85RJ107D  Jt - - - - - 7 - - - - - -

50 85RJ1071 Jt 5,000 -— - - - - - - - - - -

50 86RJ111 Jt >5,000 - - - 300 - -— - 1.0 23 -

50  K3608RA  Jqd 5000 -— 100 200 500 —_ 50 2.0 8 >10,000 16

50  K3608RB  Jt 3,000 — 300 30 38 230 2
50 K4202RB * 1,500 - - - - - - - - - 110 3
50  K4202RC (M 5000 - - 70 500 15 200 2.0 2 660 3.6
51 86RJ109B  Jt - - - - 200 - - - - - - -

51 K3505RC  Jqd - - - 70 - 50 - - - - - 2
51 K3505RD  Jqd - - - - 1,000 70 - 30 1.0 - - -

51 K3505RE Jad 2,000 300 100 100 2,000 - - - - - - -

52 K3393RB ™ - - - 70 - - - - - - - -

52 K3394RD (*) -— - - 70 1,500 500 - - - - 80 -

52 K3394RE ™ - - - 100 - - - - - -— - -—

52 K3504RA  Tgd - - - - 1,000 - - - - 2 - -

53 85YB258 Ut - - e -
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rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonicmck; 7, metamorphosedrock/protolith; 8, limestone; and (*), float sample. Mineralogy isgeneraly based uponfield
identificationsof hand specimens: py, pyrite; cpy, chalcopyrite; asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; gtz, quartz; Fe ox., iron oxides; dissem.,
disseminated minera grainsin sample. Dashes(—), concentrationsnot anomalousor featurenct observed; all concentrations expressed in parts per million (ppm); >,
concentration i s greater than reported value]

Site  Sample No. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and

No. unit mode of occurrence

29 84RJ171IB  Jt —-— X = -

30 84RJ055B Jt 0.05 — — e - X 74 - - Aplite dikeswith dissem. py.

31 85YB248 JPk - — - 0.24 -- X 7/4 -

32 85YBM49  Tiu - - 6 X X 5 - -

32 85YB250  Tiu - - X X 5 - -

33 85YB251  Tiu - 3 & S

34 85YB254 Tva -- -e- —_ - - X 5 - -~  Dike cross-cufting Jt.

35  85RII05D  Jt - - X - m X -

36 85YB231  Jt - - 3 - -

37 85RJ065 Jt - 30 - - - e 3 X -—- Py along fractures.

38 83RI216A  Jt - X 5 - -

38 86RJIO68A  Jt - e X - 94 -

33  K4I197RB (¥ - — X X 56 -— - Pyinbreccia

39 85RI07S Jt - - 4 - -

40 85RJ074C Jt -— 30 8 32 X - 3 — - Fe ox.

41 K4179RA  Tgd - — —_— - - X 6 X Dissem. py; py in gtz veins.

M1 K4573RD ™ 20 - — e X X 6 - X Py and sulfosalt in gtz vein

_stockwork.

41  K45T4RA (M) . — - X 6 - -  Dissem.py. _

41 K4574RB Q) - X 6 X -~ Dissem. py; py in gtz vein.

42 86RJ08S Jad 20 —_— e X X 6 - .~ Fe~~.-stainagfic inclusions.

43 85RJ072A  Jgb - — - - - X 6 - == Aplitic veinlets.

44 85YB237B  n - - X X 2 — Feox.—

45 85RJ062 JPk — — e X X T4 . .

46 KA4194RA (M) - — - X 6 —- -  Dissem.py.

47  K4596RA (%) —-— - X X 6 - = Dissem.py

48  85YB228  Tgd - — X - 6 — - Feox

49 K3607RA  Tgd - 140 # - X X — - X Py, cpyingtz veinsasmuch as 10
cm wide.

49 K3607RB Tgd - - 6 - X X = - —X Pyingtzveins.

49  K3607RD  Tgd — — - X 6 X —  Dissem. py.

50  85RJI07D  Jt — 45 - X - U X - Feox. aong fractures.

50 85RJ1071 Jt — 210 20 X - ”n X .- Feox. along fractures.

50 86RJ111 Jt — 55 20 - X — Fank - X

50 K3608RA  Jqd 05 — —_— e X X 6 - X Dissem. py; py, spl in gtz veins.

50 K3608RB  Jt - - —_— - X X m - X Dissem. py; py in gtz veins.

50  K4202RB (%) - 10 - - -~ X m - - Dissem.py.

50 K4202RC ™ 10 10 - = X 516 — Py and epidotein gtz veins.

51 86RJ109B  Jt — 30 — = X = T X X Py in gtz veins and a ong fractures.

51 K3505RC Jad 55 — _— e X X 6 - - Dissem. py.

51  K3505RD  Jgd 20 — —_— - X X 6 - - X Dissem. py, cpy in gtz veins;
malachite.

51 K3505RE  Jqd 20 - — - X X 6 - —  Bandeddissem. magnetiteand py.

52 K3393RB (%) 15 - X X 86 .. -~ Dissem. py and magnetite; gtz vein.

52 K3394RD ™ .05 — — - X X 5/6 X Cpy and epidotein gtz veins.

52 K3394RE ®* .10 - — e X X 516 - —  Dissem. py.

52 K3504RA  Tgd 05 X X 6 ... Dissem. py.

53 85YB258 Jt — 30 a— - X - 13 .- -
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Table13. Geochemical and geologicdatafor selected samplesfrom the Kulik Lakearen, Katmai sudy area, Alaska—Continued.

Site  SampleNo.  Map Mn [ Ni [@%) (@] Mo Sn Pb Ag Bi Zn Cd
No. unit

4 86RJ067 Jt — — — — —- — — — — o - —
54  86YB315B Jt 3,000 - - - — - -
55  83RI218 Jgd — = = 100 — -—
56 86RJ112 Jgd 2,000 200 - - - -
56 K3609RA  Jgd -- -— - - 200 70 0.7 2 -—
56  K3609RB (%) - - 6 -
56  K4597TRA  Jgd - e = - 10 4
56  K4597RB (%) 2,000 700 100 70 - 70
56 K4597RE (® - = e e 20,000 100 200 80 -
56 K4597RG  Jt - - 200 300 70 - —
5% K4597R1 ™* - — 1o 700 2,000 - — 30 50 11
5% K4597RJ ™ - - 100 15,000 20 - 50 - 60
57 K3613RA  Tgd 1,500 - == 150 300 - 10 1 80 2
57 K3613RC Tgd — - - 100 700 - — 1
57 K3614RC Tad — - — 200 10 30 - 60
58  KA549RA  Tgd _— = e e 500 10 50 - -
59  85RJ181 Tad _— e e e 500 - -
60 K3384RA () 2,000 @ — @ - - - — A
60  K4155RA (%) - e e 1 J— 500 24
60  K4155RB (%) 1,500 - - - 200 - — 65
61  85YB243  Jn >5000 — - - - — - — 370
62 K3610RB ™ 2,000 - 100 100 200 - — — 2
62 K3610RD *) >5,000 - - - 300 10 5,000 3
62 K3612RA Jn 2,000 50 1,000 - — 30 7 >10,000 >100
62 K3612RB Kh? >5,000 50 150 20,000 - —— — 10 6 720 6l
63 K3611RA Jn 1,500 - -— - — - -— 2
63 K3611RB Tgd 1,500 - 50 - — - - - - 1 -— -
64 86RJO57A Jn - - -— 70 200 - — ——— - — - —
65 86RJ0OS58 Td — - - -— - — - 100 - — - —
66 86YB318 Tgd — - - — 200 - -- - - - - -
66 K3616RA Jn 1,500 - — - 200 - ——— - -— - 115 2
66 K3616RB Jn 1,500 -— - ——— - —— — — - - 130 3
67 86RJ066A Jn - 200 - - - - - - - - - -
68 86YB316 Jad - - -— - -— 60
68 K3617RD Tgd 2,000 - 50 - 1,000 — - — —— 2 ——- 2
69 K3405RA * 2,000 - - 70 500 - - - - -- — -
69  K3406RC  (® 2,000 - e - - - -
69 K3406RD () - 150 50 70 300 - — ..
69 K3406RE Tgd 2,000 - 200 - - - -
70 K3093 ™ — -- 50 - 100 -— - - -- --- - -
71 86JM196 Jn - 150 70 50 - - -- - a—- - --- -
72 K3303RB *) 1,500 - - - - - - - - - 100 ---
73 K4508RC *) 1,500 - - - - - - - - -— 205 5
73 K4508RD ™ - - - — - 20 100 - - 1 - -
74 86DT259 Jn -- 200 - 50 100 - - - - - - -
75 86DT263 Jn - - - - - — - - - - - -
76  KA4I85RA (¥ 2,000 - - -
77  KA4186RA (%) _— e e
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Site  SampleNo. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence
7} 86RJ067 Jt - 110 X - 7 - X
A 86YB315B  Jt — 80 - 2 - = 718 - -
5 $3RJ218 Jgd - . —_— - X 6 - X Qzveins, felsicdikes.
56 86RJ112 Jod - — X X 14 X = Py, cpyaongfractures.
5 K3609RA  Jgd X X - X Dissem. py in vuggy gtz veins.
56 K3609RB (%) 05 — - - X X - - X  Dissem. py inqgtzveins; 50 ppm
tungsten.
56 K4597RA  Jgd .50 - —-— - X X 6 - X  Finelydissem. py in gtz veins.
56 K4597RB ™ -— — - - - X 6 -— X Dissem. py in gtzveins asmuch as3
cmwide
56 K4597RE ™) 4.4 — - - X X 6 - X  Finelydissem. py in gtz veins5 mm
wide.
56  KA4597RG  Jt 10 - X X M -~ X Bandedpyingtzven.
56 K4597RI ™) .35 - 2 - - - - - X Py, cpy in gtz vein.
56 K4597RJ ™) 45 — - - —_ - - -— X Py, tourmalinein gtz vein.
57 K3613RA  Tgd .1 40 - X X 6 - X  Pyingtzvein.
57 K3613RC  Tgd 20 —_— - - X 6 - —  Dissem. py.
57 K3614RC  Tgd - - - - X 6 - ~  Dissem. py.
58 K4549RA  Tgd - - - X X 5 - —  Dissem. py.
59 85RJ181 Tgd - - — e - X 6 - X Veinlets of chlorite, py, chrysocolla.
60 K3384RA (%) - 20 - - - X 5 — —  Dissem. py.
60 K4155RA ™) - - - e - X 6 - - Dissem. py.
60 K4155RB ™ - - — e X X 6 - -~ Dissem. py.
61 85YB243 Jn - -— —— e X 71 - X Qtzvein; Feox.
62 K3610RB ™ - - - e X - mn - - Dissem. py.
62 K3610RD ™) 05 7,000 48 - — e mn — X Py in qtz veins; Fe ox.
62 K3612RA Jn - == 2 - X X 8 - - Py, spl in tremolite-epidote tactite.
62 K3612RB Kh? .50 - - e - X m - -~ Maachitestained; dissem. cpy.
63 K3611RA  Jn - - - - X X mn - —  Pyinbreccia
63 K3611IRB Tgd  -- - —_— - - X 6 — -~ Dissem.py.
64 86RJOSTA  Jn - - 6 6 X - 1 - —
65 86RJ058 Td - — 10 14 - X 5 - - Dissem. py.
66 86YB318 Tgd - - - 2 —- X 6 - —
66 K3616RA  Jn - - 2 - - X M - —  Dissem. py.
66 K3616RB Jn - - 2 e X X m - -~ Dissem.py.
67 86RJO66A  Jn - 20 - 2 X X 1 - - Feox.
68 86YB316 Jad - 20 — - - X 6 - -
68 K3617RD  Tgd - 10 .- e X X 6 - —  Dissem. py.
69 K3405RA (% .05 - - e X X 5 - -~ Dissem.py.
69 K3406RC ™ 25 - - - - X 5 - -- Py along contact zoneof dike.
69 K3406RD *) 45 - — - - X 5 - - Dissem. py.
69 K3406RE Tod - - - - X X 5 - X  Finelydissem. py in gtz veins.
70 K3093 ™ - - - - X X 1 - -~ Dissem. py.
71 86JM196 Jn - - - 5 - - 1 - —
72 K3303RB ™ - 20 — - - - N X X  Pyinvuggy gtz veins.
K4508RC ™ - - — e - X 5/6 - -~ Dissem. py.
K4508RD ™) - 30 2 - X X 5/6 - - Dissem. py.
86DT259 Jn —— —— —— - - - 1 - —
RENTIAT - 24 - e 1

- - —— —_— - e - - Pyandqtzin breccia
05 60 - e -- __ -— Dissem.py.
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Oakley Pesk (fig. 10), at thewest end of Kulik Lake (T.
14 S, R 34 W), is underlain by dightly metamorphosed
lavaflows, sills, volcanic tuff, sandstone, and brecciacof the
Takeema Formation (J). Rocksin this areaare marked by
a prominent red-brown color anomdy. Nearby, the Tal-
keetnaFormationisin contact with Tertiary equigranular to
margindly porphyriticquartz monzodiorite to granodiorite
(29.240.9 Ma, Shew and Lanphere, 1992). Bedrock samples
of the Talkeetna Formation (Sites 35-40) characterigtically
contained anomalous concentrations of Zn, Cr, Ni, Cu, As,
and Cd; some samplesal so contai ned anomal ous concentra
tions of Co, Mo, Ag, Sb, or Hg. Fracture-controlled pyrite
wasidentified at site 37. At site 38, wecollected a sampleof
float that showed a propylitic ateration assemblageand con-
tained brecciated granodioritein a pyritic matrix.

Atadistance 10 km southeastof Oakley Pegk (fig. 10),
on a hillsde overlooking Kulik Lake (T. 14 S,, R. 34 W),
several prospect pits over severa acres comprise the Kulik
Kopper prospect (table 13, site 50; MacKevett and Hollo-
way, 1977). At thislocality metamorphosed lava flows and
sillsof probable andesitic composition composea roof pen-
dant of the Talkeetna Formationin equigranular quartz dior-
ite of Jurassic age (173+5.2 Ma, Shew and Lanphere, 1992).
The locdlity is marked by a weskly developed red-brown
color anomaly. Samples collected from this prospect gener-
dly show a propylitic dteration assemblage and contained
anomalous concentrations of Mn, As, Sb, Ag, and Bi. In
addition, some samples also contained anomal ous concen-
trations of copper, lead, zinc, or cadmium. Sulfide minerals,
generally pyrite, are visble on minute fractures in quartz
veins. Intrusive rocksof middle Tertiary age (ranging from
about 27 to 29 Ma, Shew and Lanphere, 1992) crop out afew
kilometers to the southeast (site 48; samples contained
anomalousconcentrationsof Mn, Pb, and Zn) and to thewest
(site52; samplescontained anomal ousconcentrationsof Cu,
Co, As, Bi, and Au).

In the smal stream valley immediately south of the
Kulik Kopper prospect (site 49), we sampled a smdl Ter-
tiary(?) granitic pluton that showsaphyllic dteration assem-
blageandiscut by numerousquartzveins. Samplesfrom this
site contained anomal ous concentrations of Cu, Pb, Ag, B,
Zn, Cd, Sh, As, Ba, and B. The plutonic rock contains dis-
seminated pyrite; pyriteand chal copyritearea socommonin
guartz veinsin both the pluton and in the older rocksthat it
intruded. Quartz veins as much as 10 cm in width were
observed. Open vugs lined with smdl quartz crystals are
exposed in outcrop in the stream vadley. We interpret the
geologic observationsand the geochemica datafor Ste49 as
a base-metd-rich polymetallic-veinoccurrence (pl. 2).

Gold and arsenic a so werefound in anomal ousconcen-
trationsin samplesof Tertiary(?) plutonicrocks(sites51 and
52) that had been dltered to a propylitic assemblageand were
cut by quartz veins. Pyrite and chalcopyrite were present in
both disseminated and vein form, and epi dote was deposited
dong fractures. The rocks a site 51 contain abundant sec-

ondary maachite. At site 41 we collected samplesof porphy-
ritic intrusive rock, mainly from float and presumably from
the Tertiary plutons (potassium-argon age from hornblende
of 34.311.2 Ma, Shew and Lanphere, 1992), that contained
anomal ous concentrations of Co, Cu, Pb, Zn, and Ni; afew
samplesal so contained anoma ousconcentrationsof Mn, Cr,
Ag, Bi, or Au. The sample from site 41 contained pyritein
stockwork. At sites42—47, a somewhat similar suiteof met-
as Mn, Mo, Co, Cu, Zn, As, and Sn) aso is present in
anomaous concentrations in porphyritic igneous rocks.
Thesedataare interpreted to reflect small, base-metd poly-
metallicveins, but they may al so beindicativeof aconceded
porphyry Cu deposit.

Farther south, at site 56 (pl. 3), Jurassic granodiorite
and rocks of asmall roof pendant are cut by sheeted quartz
veins that occupy as much as fifty percent of the outcrop
area. These sheeted quartz veinsvary in width, ranging from
afew millimetersto 3 cm, and contain varying amounts of
pyrite; some aso contain minor amounts of tourmaine.
Samplesof theveins (table 13, site 56) commonly contained
anomalous concentrations of Au, Cu, Bi, Ag, Co, Mo, and
Pb; one or two samples were anomalousin Mn, Cr, Ni, Zn,
W, Sb, or Sn. As much as 44 ppm Au was measured,
dthough mogt of the samples of the vein materia contained
gold concentrations ranging from 0.1 to 05 ppm. We inter-
pret the geol ogic and geochemical datafor site 56 asindicat-
ing a precious-metd-bearing polymetallic vein (pl. 3).
Similar suitesof metalsare present in anomal ous concentra-
tions, dthough of lesser intensity, in quartz veinsin Tertiary
granitic rocksat sites57-58 (table 13).

Arock sample(K3612A, table 13; site62, pl. 1) froma
contact aureoledevel opedin the Naknek Formation adjacent
to the middle Tertiary quartz diorite pluton (dated between
35 and 37 Ma, Shew and Lanphere, 1992), contained cha-
copyrite, pyrite, and sphaleritein a matrix of tremolite, acti-
nolite, and epidote. Metds determined at anomaous
concentrationswere Mn, Ni, Cu, Zn, Cd, Bi, Ag, Au, Co, and
Sh. We interpret this sample as indicating a skarn minerd
assemblage. A similar suite of metalsin anomal ousconcen-
trations was found at site 63. The Naknek Formation (Jn)
contains only smal limestone concretions and minor
amounts of carbonate-cemented sltstone. The Herendeen
Formation(Kh) isathin unit composed of about fifty percent
siltstone and shae interbedded with calcareous sandstone
(Detterman and others, in press). Because carbonate rocks
represent only a small component of the sratigraphic col-
umn in the Katmai study area, we suggest that the presence
of the skarn mineral assemblageis not important in terms of
types of mineral deposits present in the Katmai study area.

Finally, at site 69 (pl. 1), Tertiary(?) dikes and sills
intruded rocks of the Naknek Formation (Jn). Float samples
of hornfels from these sites contained disseminated pyrite,
showed propylitic ateration, and contained as much as 0.45
ppm Au. Drainagebasins a these localitieshave such steep
walls that it was not practical to collect NMHMC samples.
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However, some reconnai ssance geochemical samples from
drainagebasins underlain by rocksof the Naknek Formation
adjacent to the Tertiary plutons or cut by Tertiary(?) dikes
contained anomalous concentrations of gold and silver in
pyrite and have gold visible in the pan. This Au-Ag
geochemica anomaly may reflect the presenceof pyritein
hornfels adjacent to small dikes in other drainage basins
where similar geochemical suitesare found.

In summary, weinterpret thefield observationsand the
geochemicd datafor the Kulik Lake areato beindicative of
undiscovered base-metd polymetdlic veins (pl. 2), com-
monly inferred a or near the margins of middle Tertiary
cac-akaineintrusive rocks (agesrange from 26 to 38 Ma,
Shew and Lanphere, 1992). However, the presence of asso-
ciated concealed porphyry Cu depositscannot be ruled out.
We favor the base-meta polymetallic-vein mineral deposit
mode because of (1) the paucity of strongly porphyritic
intrusive rocks, (2) the presence of base-metd-bearing
shegted quartz veins, (3) the small area extent of the
geochemica anomalies, and (4) theabsenceof largezonesof
propylitic dteration surrounding the Cu-Mo-Sn-W anoma-
lies(pl. 1). Precious-metd-bearingpolymetalicveins (pl. 3)
are suggested both by the geologic relations and by the
geochemical suites observed periphera to the outcrop pat-
tern of the middle Tertiary granitic plutons.

The possibility of undiscovered Kuroko-type massive
asulfidedepositsin rocks of the Talkeetna Formation, anao-
gous to the Johnson River prospect (Steefel, 1987), cannot
be ruled out for the Oakley Peak occurrence. However,
Kuroko-type massive sulfide is an unattractive minera
deposit modd for the Qakley Peak area because of (1) the
absence of dilicic tuffsin any of the volcanic lithologies
exposedin the Kulik Lake area, (2) the presenceof anoma:
lous concentrations of molybdenum, arsenic, and antimony,
(3) thepaucity of spheneand rutilein the NMHMC samples,
(4) theclosesimilarities between the geochemica signatures
of the SS and NMHMC samples from drainage basins
throughout the Kulik Lake area regardiess of the bedrock
underlying the drainage basins, and (5) the spatid relation-
ship with middle Tertiary plutons that contain very smilar
auites of anomalous metals and have smilar mineradogy
esawherein the vicinity of Tertiary plutons (pl. 2). Studies
in the lliamna quadrangle of mineral occurrencesin quartz
veins in similar geologic settings and having smilar
geochemicd suitesof metalssuggest that polymetalicveins
formed when plutonsintruded rocksof the Ta keetnaForma-
tion (Jt) or older plutonic rocks (Detterman and Reed, p. 78,
1980). The Diamond Point claimon lliamnaBay isan exam-
ple of such a small polymetalic vein. Generdly, the veins
are pyritic, some are rich in gold, and some contain chal-
copyriteand other sulfidemineralsin minor amounts.

We have little geologic or geochemicd evidence for
undiscovered copper-rich iron-skarn deposits associated

with the middle Tertiary plutons. The most favorable host
rock, the Kamishak Formation (Rk), is not found in the
Kulik Lakearea A few samplesof tactitewere found where
the middle Tertiary plutons (Tgd, Tqd) intrude the Naknek
Formation (Jn) and Herendeen Formation (Kh), which
reachesa maximum thickness of 50-100 meast of the mid-
dle Tetiary plutonsin the Kulik Lake area. Nowhere have
we seen the middle Tertiary plutonsexposed in direct con-
tact with the Herendeen Formation nor do we have good
geochemicd evidence of the presence of a skam. Although
undiscovered copper-rich iron-skam deposits are permissi-
ble, wesuggest that carbonatehost rocks present in the Kulik
Lake area are volumetrically insignificant and that, on the
basisdf the geology, the Katmai study areais not generdly
favorablefor undiscoveredcopper-rich iron-skam deposits.

BUTTRESSRANGE-IKAGLUIK CREEK AREA

Wes of the Aleutian Range crest and southeast of the
Bruin Bay fault, near the center of the Katmai study area,
base- and precious-metal anomalies are indicated by the
reconnai ssance geochemicd data (Church, Bailey, and Rie-
hle, 1989; Church and Motooka, 1989; Church and Arbo-
gast, 1989). These anomadlies are found in drainage basins
where small hypabyssal dikes, sills, and plutons (Tiu, Td)
intrude rocks of the Naknek Formation (Jn). Exposuresin
this area are good: relief is as much as several hundred
meters locdly. Unconsolidated deposits are confined to the
floorsof glacid valleys. Due to pervasive deuteric(?) ater-
aion, potassum-argon radiometric ages of the intrusve
rocksare not available, but a Tertiary age for the plutonsis
inferred from the geologic mapping (Riehle and others, in
press). Trace amountsof disseminated pyrite are ubiquitous
in the intrusive rocks. Aress of dlicified rock and color
anomaiesare locally developed at the margins of exposed
plutons and in the vicinity of dikes; thus, we conclude that
other color anomaliespresent in theareaare probably related
to buried intrusive rocks. Dikes and fractures are common
and are typically oriented northwest.

Thegeochemica datafor the SS and NMHMC samples
dlow usto dividethisareainto four subareas (seefig. 10):
the Mount K atolinat subarea,t he Buttress Rangesubarea, the
Ikagluik Creek subarea, and the area underlain by the Qua-
ternary volcanicrocksof the Aleutian Range. The first three
of these are areas where smal plutons and dikes have
intruded the Naknek Formation (Jn). Thefourth subarea, the
Aleutian Range, is not shown separately in fig. 10 becauseit
isnot continuous. It consists of thewatershedsof the Quater-
nary volcanic rocksof the Aleutian Range and includesthe
fumarolesat Novarupta at the head of the Valey of Ten
Thousand Smokes (VTTS, see fig. 10).
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Tablel4. Geochemicd and geologicdatafor selected samples from the Butress Range-Tkagluik Creek areg, Katmai Study area, Alaska

[Sampleslisted here have concentrations that exceed the 95th percentilefor the respectivelithologic unitsasdefined in table4.  "SiteNo." isthelocality shown on plates1-3,
map unit symbolsare thoseon the geol ogicbase map on plates1-3. An"X" in columnsheaded “Vein,” “Frac,” or “Alt” indicatesthat veins, fracture fill, and (or)

hydrothermally alteredr ock, includingcolor anomaliescaused by the oxidation of sulfideminerals, were observed at the samplesite; “Int” indicatesthat thesampleisan

intrusive rock, or that thereisasll, dike, or pluton exposed nearby. “Lith” indicatesther ock type of thesample: 1, sandstone or siltstone; 2, conglomerate; 3, volcaniclastic

Site  Sample No. Map Mn Cr Ni Co Cu Mo Sn Pb Ag Bi Zn Cd
No. unit
78 K403’RB (V) . - - — 200 - —
79  K3420RA (¥ 1,500 = - - 200 - - - 140 04
79  K3420RD (%) 1,500 - 70 150 500 S — 1.5 2
79 K3420RE  Tiu - - - - 300 S — — — — -
80  84DT147 Jn 2,000 — - 50 . -— - - — — — —
80° K3419RC Tiu 1,500 - - - - - - - - - 65 -
81 KIOO5SRA (%) - - 50 - -— — -— 50 - — — -
82 KI1020RA ™ - - -— . - — - 70 — - — —
83 KI1014RA ® - 150 . - - _— - 50 — - —— —
84 KIOITRA (%) — - - - — -— - - 5.0 - - —
84 KIOITRC (%) — 150 50 - 200 7 - — 0.7 - —
8 KI0I8RA (%) —_ e o - 70 - -
8  KI1023RB *) — —_ - - 500 7 - — A - — —
8 K3416RB Tiu 1,500 - -- - 500 — — 30 - - 250 6
87 85RJ175A Jn - — — - 700 2 - — 5 --- — —
87 85RJ175B Jn — - — - —- 10 - - —— — - —
87 86RJI4A  Tiu — — e~ e 2,000 2,000 - - - _— -
87 86RJI24D Tiu - - — - 700 150 - - - — — —
87 86RJI24E  Jn - — = = 1,000 5 - -
87 86RJ124F Tiu 3,000 e - 500 20,000 100 - 200 50 - 1,900 10
87 K3413RA (%) — — — — 300 20 - — — 3 - —
87 K3414RA (» — — — - —— — — - - - - -
87 K3414RC Tiu — 200 100 70 300 — — — — —_ 60
87 K3414RD (%) — - 70 150 10,000 —_— — — 10 2 70 2
87 K3414RG  Tiu — — 50 - 10,000 — - — 30 — —
87 K3414RH (%) - B 700 100 - - —_ -
87 K3414RI  Tiu - — . e 300 >2,000 100 —_ - -
87 K3414RN  Tiu — -~ 70 100 5000 15 - 5.0 2 200 3
87 K3415RB  Jn 2,000 _— - 70 700 B — 3.0 3
87 K3417RA  Tiu - 200 50 - - —_— -
88 KI008RA (¥ -— - — - - - - 70 7 - - -
89 K3058RB Jn - 150 50 — - - - 50 - - - -
90 K2058RA (%) - - - - - 7 - T — - -
91  85YB219 Td 1,500 — — - - - - - — -- - -
91  K4019RB Jn 1,500 - - - - - - - -— - - -
91  K4020RB  Jn - _— - - 200 L J— 200 1.5 1,50 20
91 . K4021RA  Jn 2,000 200 - - — S — 50 — - -
91 K4022RA  Jn - 150 50 - — — - 50 - _
91 K4023RA  Jn - 150 70 - — S 50 - —_— e
91 K4024RA  Jn —_— 150 70 ~— — 10 - 100 - -
91 K4025RB  Jn — I - 0 - 50 - S —
91 K4027RA  Tiu - S (- — - - 30 500 -
91 K4028RA  Jn 1,500 . — S — - S —
91 K4029RA Tiu  >5000  — o= e - —_— - - —_— -
91 K4031IRA  Jn _— - e 150 50 - S
92 K2009RA  Tiu 1,500 - -~ - 20 - 700 - 300 -
92 K2009RE  Jn - 50 - — 10 1.5 — -
92 K3056RC Tiu 1,500 -— - - - - - 100 -— -— 300 -
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rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone; and (*), float sample. Mineralogy is generally based upon field
identifications of hand specimens: py, pyrite cpy, chalcopyrite; asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Feox., iron oxides; dissem.,
disseminated mineral grains in sample. Dashes(-—), concentrationsnot anomalousar featurenct observed; all concentrationsexpressed in partsper million (ppm); >,
concentrationisgreater then reported value]

Site  SampleNo.  Map Au As Sh Hg Alt Int Lith Frac Vein Mineralogy and
No. unit mode of occurrence
78 K4037RB ) . —_— e X X © X X Pyvein alongfracture
79 K3420RA 5#) - S — X X 1 X X Py veinaongfracture
79 K3420RD ® 0.05 50 X X 6 - -- Dissem.py
79 K3420RE Tiu - - E - X 6 -~ - Dissem. py
80 84DT147 Jh - - — e e
80 K3419RC Tiu - — X 5 == - Dissem.py
81 KI1005RA *) — - 1 = - Oxidized dlssem,_ py
82 KI1020RA ™ 700 — - - e 1 — 7 Veinlets of gtz with py
83 KI014RA * 1 -— — Oxidiiddissem,py
84 KI1017RA ™ — —_— e X X 6 - -—  Oxidized dissem. py
84 KI1017RC * - - - - X 1 X X Py inqtz veinlets
84 KI018RA * - - — - - - 1 —~ == Dissem. py
85 KI1023RB &) — - e X X 6 — — Oxidizeddissem. py.
86 K3416RB Tiu 15 - - - X 6 - X Pyvensaongmarginof stock.
87 85RJ175A Jn -— —_— - - X 5 X X Py, cpy in gtz veins.
87 85RJ175B Jn X X 1 X X
87 86RJ124A Tiu — - e - X 6 - X Py, cpy,mlyingtzveins.
87 86RJ124D Tu - X X 6 X = Qtz,pyvens
87 86RI124E n —_— - X 71 -~  -- Py, chrysocollainqtzvein.
87 86RJ124F Tiu 50 50 024 - X 6 - X
87 K3413RA * 15 40 4 - X X 6 - X Feox.-stainedqgtzveinswithpy.
87 K3414RA ™) 15 — - - X X 6 X == Dissem. py; py along fractures.
87 K3414RC Tiu — — e X X 6 - — Dissem.py.
87 K3414RD *) .70 — —_— e X X 1 -~ - Pyriticbreccia
87 K3414RG Tiu 4 10 _— e X X 6 - -—- Dissem. py; py and cpy in stockwork.
87 K3414RH * 1S 20 X X 1 - - Hematitichreccia
87 K3414RI1 Tiu 1 - — e X X 6 —~- =  3-mm-widemly veinlets in stockwork.
87 K3414RN Tiu —_ —_— - X 6 X X Pyingtzveins.
87 K3415RB Jn 1 20 - - X X 1 - — Dissem. py.
87 K3417RA Tiu .05 20 S — - X 6 - — Dissem.py.
88 KI008RA *) — — e - X 1 — — Pyinbreccia
89 K3058RB Jn — —— e - X 1 —  -— Dissem. py in hornfels.
90 K2058RA - - e - = X 5 == — Dissam.py.
91 85YB219 Td - — . = - X 5 - -
91 K4019RB Jn - —— - e X X 1 - X Dissam. py, minor qtz veins.
91 K4020RB Jn - - _ - — X 1 - -— Dissem.py.
91 K4021RA Jdn - — —_ - - X 1 - == Dissam. py.
91 K4022RA Jn e — —_ e - X 1 - -—- Dissem.py.
91 K4023RA Jn — — - - X 1 - -~ Dissem. py.
91 K4024RA Jn — _— - X 1 - - Dissem.py.
91 K4025RB Jn - - X 1 - — Dissempy.
91 K4027RA Tiu —_ — - X X 5 = X Feox-stained vuggy gtz veins, py.
91 K4028RA Jn -— —_— - — X 7 === X Hematitichreccia
91 K4029RA Tiu - — — — X s — X Hematite, pyrolucite, py in vuggy gtz veins.
91 K4031RA Jn - e aee X X 1 - - Oxidizeddissem. py.
92 K2009RA Tiu —— .- e X X 5 - X Py, cacite, tourmalinein2-cm-wide gtz
veins.
92 K2009RE Jn - - - - X X 1 X BrecciatedJn with py and gtz matrix
92 K3056RC Tu  — - R — - X S — X Hemdtiticbreccia
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Table14. Geochemical and geologic datafor sdected samplesfrom the Butress Range—Ikagluik Crek area--Continued.

Ste  Sample No. Map Mn Cr Ni Co Cu Mo S Pb Ag Bi Zn Cd
No. unit
92 K3057RA  Tu - 50
92  K3057RB Jn 150 50 50 500
93  86RJI28A  Jn - 200 5
93 86RJ128B Td 2,000 - 850 20
93  86RJI28C  Jn - 420 1.0
93  K2055RB Jn - - --- - - — - 50 — — - —
93  K3626RB  Jn 2,000 50 100 200 100 3
94 K401IRA (% 30 -
94  K4011RC  Td 50 70 500 1.0
95  84JM120 Jn 70 50 100 —
96  84IM135 Jn -— 70
97 KI040RC (¥ - 200 2.0
98 K3411RD  Jn 3,000 - 100
99  K3031RC (%) - 100 10 30
100 86DT264 Kk 300
100 K3410RA  In 3,000 - 20 6
100 K3410RB Td 2,000 200 100 500 50 120 -
100 K3410RC Td 2,000 - 50 100 >20,000 70 200 130 500 1.6
100 K3410RF  Jn 2,000 — - >20,000 100 500 9
100 K3410RG  Jn 1,500 - 200 - 210 4
100  K3410RJ Jn 5,000 - 150 70 10,000 500 200 -
100 K3410RK  UJn 2,000 70 150 500 - 5 95 -
101 86RJI25A  Un - - 100 2,000 -— 2
101  86RJI25B  Un - - 500 1.0
101 86RJI25C  Tiu 2,000 - 5,000 5.0
101  86RJI25F  Tiu 5,000 5.0
101  86RJ125G  Tiu 2,000 -~ 200 >20,000 20 9
101  K3409RA  Jn 3,000 — - 10,000 100 2.0 1,500 7.0
101 K3409RB  Jn - 300 200 50 330 310 2.0
101 K3409RD  Jn 500 15 50 830 32
102 K2531RA  (® - 50 50
102 K3412RB  Tiu 50 260 6
102 K3412RC  Jn — 300
103 86RJI26A  Tiu - 300 15
103 86RJI26C  Jn - 100 300 1.0
103 K3408RD  Tiu - 700 15 36 460 4
103 K3408RE Jn -— - 7 -
103 K3408RG Jn 50 100 1,000 10 85 5
103 K3408RJ - - — 10 -
103  K3408RK  UJn 700 10 5 5,000 10
103 K3408RL Tiu - - - - 15 - 5,000 15 31 5,000 13
103  K3408RM - 1,500 - 50 200 2,000 - — - 5 -—
103  K3408RP  —- - -— — - - 10 500 150 2 10,000 100
103 K3408RS >5,000 - 2,000 - >20,000 100 10 >10,000 100
103 K3408RT Jn 2,000 - - 100 1,500 500 2.0 3 260 1.5
103  K3408RU  --- 1,500 1,000 150 3.0 5  >10,000 54
104 K3147RA  Tu — 200 50 150 20
104  K3147RI Jn 150 — 150 15 30
105 86JM213 Jn 200 70 50 150 -
106  K3422RE ™ 2,000 - 50 - 2.0 - -
107 K3423RA  Un 1,500 150 50 - 100
107  K3423RI Tiu 1,500 150 50 - 500 20 1.0 4
108 K2554RB (%) - — 10 -
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Site Sample No. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence
92 K3057RA Tiu - — - e - A 1) “ == Dissem.py.
92 K3057RB Jn —-— X 1t - - Dissem.py.
9B 86RII2BA h - - - — X m -— X Pyven
B 86RI128B d - - X 5 - - Dissem.py.
B 86RJ128C Jn - X 7 - -- Dissem.py.
B K2055RB Jn - — - e X X 71 - - Dissem.py.
B  K3626RB Jn - - — - X X m - -— Dissem.py; epidote.
4 KA4011RA *) - e X 4 - X Pyingtzveins1cmwide.
94 K4011RC Td - — = 5 == - Dissem.py.
B 84IM120 Jn - - . e — e e e T
96 84JM135 Jn - - - - - - 1 - -
97 KI1040RC ™ 1 - - e X X ) - X Py in vuggy qtz veins.
98 K3411RD Jn 1 10 —_— - X X 1 X X Dissem. py; py in gtz veinlets.
99 K3031RC ® - X X 1 - -- Dissem.py.
100 86DT264 Kk .- 40 - - S /4
|00 K3410RA In 140 X X 1 - X Feox. matrixinbreccia
10 K3410RB Td - 50 - - - X 5 = X Dissem.py,epidotein gtz veins.
100 K3410RC Td .15 » 6 - X X 5 - X Pycpyinlcmwideqtz vein, chrysocolla.
100 K3410RF Jn .05 — 2 X X -— = X Py, cpyinmalachite-stainedqgtz veins.
100 K3410RG Jn 10 4 X X 1 - X Pyinqgtzveins
10 K3410RJ Jn - 20 - X X 1 - X Maachite-stainedgtz vein.
10 K3410RK Jn — _— e X X 1 -~ — Dissam. py.
101 86RJI25A Jn - X 1 X X Chrysooopl¥a ingtz vein.
101 86RJ125B Jn - X 1 X X Pyven
101 86RJ125C Tiu — e X X 6 X X Py vein.
101 86RI125F Tiu - — - - -~ X 6
101 86RI125G Tiu X X 6 = X II\D/Y vein, i )
101 K3409RA n 10 . X X m - X aachite-stainedqtz veins.
101 K3409RB Jn 1 30 8 X X - - - Hemditicmatrix breccia
101 K3409RD Jn 10 — e X X 86 - X Epidote, maachite pyinqtzveins.
1P K2531RA * - - e - X - X Pyinqtzveins.
I K3412RB Tiu .05 - — e X X 5 — X Pyandaqtzinbreccia
1 K3412RC Jn .(b - — X X 1 X == Pyveinsaong fractures.
1B 86RI126A Tu - — — - - X 6 X X Pyven.
18 86RJ126C Jn 70 - — X 71 = X Pyven
1B K3408RD Tiu 2 — — —-— X 6 - X Hematite, gn, py inqtz vein.
1B K3408RE Jn .b — — e X X 1 -~ — Py matrix in breccia.
18 K3408RG Jn .06 — — - X X 1 =- — Dissem. py.
18 K3408RJ — — - — - X X - - == Hemaiticbreccia
18 K3408RK Jn 1 59} 2 - X X 1 — X Spl,pyingtzven.
1B K3408RL Tiu .25 10 4 X X 6 - X @Q,splingtzven.
1B K3408RM - 05 — e X X - X Pyinqtzven; epidote.
108 K3408RP .BH 8 X X — -= X Slingtzven.
103 K3408RS — 7 0 5 - - X — - X (,splinopenvugsin gtz vein.
1B K3408RT Jn — - e X X m - X Pyingtzveins.
108 K3408RU i .6 20 e eem X X -~ - X Pyingtzveins.
14 K3147RA Tiu - — e X X 6 - —- Dissem. py.
104 K3147RI Jn - - — e X X 1 - == Dissem.py insilicified rock.
16 86IM213 Jn — e e e T
106 K3422RE (f 5 20 24 X X 8 — X Oxidizedpyingtzvein; epidote.
107 K3423RA Jn 10 - - X 1 = = Dissam.py.
107 K3423RI Tiu 15 10 - X X 5 —  -— Dissam. py.
18 K2554RB ® - — —_— - X X — = X Pyinqgtzveins.
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Table 14. Geochamicd and gedlogic datafor sdedted samplesfrom the ButressRange-1kegjuik Creek area—Continued.

Ste  SampleNo. Map Mn Ct N1 Co Cu Mo Sn Pb Ag Bi N al
Nb. unit

108 K3150RB Tiu — 300 100 — -- —_— - 50 - - [ —
108  K3150RI Jn —— - -~ - 300 10 - 30 1.0 - — -
108 K3151RD Tiu - 150 - - 300 50 - 70 2.0 - - -
108 K4004RB (%) - 150 - 10 - - U
109 KI1045RA ™ 1,500 200 50 — 150 - - 300 1.0 -— — -
109 K3I53RD  Tiu - - = e - 10 10 S
110  KIOSIRA (% - —_— - 15 e 100 - -
111  K4003RA (%) — S 150 10 20 ki R
112 86JM214A Kh - - - - 150 S —
112 86)M214B  Td — 500 - - I - - - -
113 86YB333  Qac - U — — 1.0 -
113 KIORA Qac - . - S - 300 —
114 KOI198RA (¥ — B 1) 50 - 160 5
115 KO0282RD (%) _— - 15 10 50 9 — -
115 KO0282RG  Qac - 150 S0 - 150 - - 1 - -
116 84EMO90B Qac —~ - — S 50 - —_ -
117 K2616RB (%) _— e e SR 50 — S —
118 83RI092  Qac — S — - 10 - S
119 84EM091B Qad T — 10 - 70 5 -
Novarupta:

120 K3059RA  Qap .- o 100 70 - 500 -

10  K3059RC  Qap - - —_— - 100 IS 20 1,500 - 200 — -
120 K3060RD Qap - - - - - 10 - 0 - 50 — —
120 K3060RE  Qap - - - - - 10 100 - 20 —_— e
120 K3060RF  Qap - — - e — 1w = 50 20 - -
120 K3061RC  Qap S — 70 50 S —
120 K3061RD  Qap - e — - — e 50 - 20
120 K4033RA  Qad — e e 10 50 —

MOUNT KATOLINAT SUBAREA

The geochemica data for the SS samples from the
Mount Katolinat subarea (T. 19-20 S, R. 37-38 W.) indi-
cate only scattered lead anomalies in two drainage basins.
However, the data for the NMHMC samples indicate
anoma ous concentrationsof Au, Ag, W, As,and Snin sev-
erd dof the drainage basins sampled (Church and Arbogas,
1989). Gold, galena, and schedlite were identified in the
NMHMC samples from two drainage basins, and sphalerite
and chalcopyrite(?) were identified in NMHMC samples
from one drainage basin (Church and Bennett, 1989). Fol-
lowup sampling at two sites on Mount Katolinat (79-80;
geochemica data given in table 14), identified areas where
the Naknek Formation was metamorphosed by dikes and a
smadl pluton. Samples of fine-grained plutonic rock col-
lected at site 79 showed evidence of week propylitic ater-
aion and commonly contained anomalous concentrations
of copper and manganese. Anomalous concentrations of
Zn, Co, Ni, Ag, Au, Bi, Cd, or As were aso found in rock
samplesfrom Mount Katalinat (pl. 2). Smdl veinsof pyrite
were observed in hornfels derived from the Naknek

Formetion; disseminated pyrite was observed in the intru-
sverocks. We interpret the geologic data to indicate small
pyritic veins and disseminated pyrite confined to the
contact-metamorphic zones adjacent to the dikes and
plutonsat Mount Katolinat.

BUTTRESSRANGE SUBAREA

The SS samples collected from the ButtressRange sub-
area(T. 21-23s., R. 37-38 W.) commonly containedanom-
aous concentrationsof Cu, Mo, Zn, Co, and Pb, and, less
commonly, As, Cd, Bi, or Sh (Church, Bailey, and Riehle,
1989; Church and Motooka, 1989). The NMHMC samples
a so contained anomal ous concentrationsof Au, Ag, W, Ba,
or Sb (Church and Arbogast, 1989). The minerds pyrite,
cha copyrite, scheelite, wulfenite, sphaerite, galena, cinna-
bar, arsenopyrite, and baritewereidentified in the NMHMC
samples (Church and Bennett, 1989). Rock samples from
Stes81-86and 88-91 (pl. 2; geochemical datagivenintable
14) commonly contained anomaous concentrations of Ph,
Zn, Mn, Ni, Mo, Cu, Ag, and Cr, whereas anomaous con-
centrations of Cd, Co, or Sh were less common. Followup
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Site  Sample No. Map Au As Sb Hg Alt Int Lith Frac Vein Mineralogy and
No. unit mode of occurrence
108 K3150RB Tiu - — — — - A © - === Dissem. py.
108 K3150RI Jn - X 1 - X oxidized dissem.py in gtz veinlets;
_malachite.

108 K3151RD Tiu - X X 6 - - Disempy. _
108 K4004RB ® - — 1 - X Dissem.py; pyingqtzveinlets
109 KI1045RA ™ - - — e X X 1 =~ X Pyinvuggy qtzveinst cmwide.
109 K3153RD Tiu - - _— - X X 4 - — Dissem. pyandvuggy (tz.
110 K1051RA *) -— — —_— X X 5 - Fe-ox.-stainedbreccia.
111 K4003RA ™) - - — e X X 5§ - - Dissem.py.
112 86IM214A Kh --- 30 - — - - 1 - -
112 86JM214B Td -—- — — — - X 5 — .
113 86YB333 Qac — — e _— - 4 .
113 KI1049RA Qac - 1,000 - - X X 4 X X Fe ox.-richhot s[prlngssnter
114 KO198RA * - - - - e = w= == == Dissem.py insiliceoushot-springs~inter.
115 KO0282RD E*g - 20 3 X X 4 - -— Bleached,silicified volcanicrock.
115 KO0282RG Qac ™ 10 - 44 - X 4 - -—- Feox.-stainedbrecciaadjacent todike.
116 84EMO90B Qac - S Y
117 K2616RB ™ - - - e X X 4 - - Oxidized volcanic breccia.
118  83RJ092 Qac - — e 4 e
119 84EM091B Qad - _— e 4 e

Novarupta:
120 K3059RA Qap - — e X X 3 = - Hematterichsiliceoussinter.
120 K3059RC Qap = 200 X X 3 - -- Hematiterichsliceoussinter.
120 K3060RD Qap - — — - X X 3 - - Hematiterichsliceoussinter.
120 K3060RE Qap =~ — — e X X 3 - — Hematiterichsiliceoussinter.
120 K3060RF Qap ™ 500 - X X 3 = == Hematiterichsliceoussinter.
120 K3061RC Qap - 700 — - X X 3 - - Hematiterichsiliceoussinter.
120 K3061RD Qap - 300 — e X X 3 - === Hematiterich siliceous sinter.
120 K4033RA Qad -—- - - e - X 6 - == Dissem.py.

dudiesat sites 85-86 indicatethat the geochemica anoma-
liesshown by the SSand NMHMC dataare spatialy associ-
aed with small dikes and sills that have intruded and
metamorphosed Mesozoic sedimentary rocks. Anomaous
meta concentrations (site 86: Mn, Cu, Pb, Au, Zn, and Cd;
table 14) weredeterminedin samplesaof pyriteveinsfroman
aphanitic border phase of a pluton. We suggest that the
anomalies at other sites discussed above have a smilar

origin.

At the headwaters of Margot Creek (dite 87, pl. 1), a
Tertiary(?) pluton intruded and metamorphosed the Naknek
Formation. At itsouter margins, the stock is surroundedby a
zone of propylitic dteration. The intensity of the dteration
increasesand gradesinward tolocalized areasof potassically
dtered granodiorite that has a weakly devel oped stockwork
containing thin veins of chalcopyrite and molybdenite as
much a 3 mm in width. Potassum feldspar selvages are
found aong the margins of some molybdenite-bearing
quartz veinsin the central zone of potassic ateration. Expo-
suresof the pluton crop out only in the uppermost part of the
stream valley, and the exposed area of stockwork does not
exceed more than a few hundred square meters. Samples

from site87 commonly contained anomal ousconcentrations
of Cu, Mo, Au, Ag, and As, and, lesscommonly, Ni, Co, Zn,
Bi, Cd, Sb, Mn, Cr, Pb, or Sn(pls. 1 and 2). Thegeologicand
geochemicd data observed here are best explained as an
undiscovered porphyry Cu-Mo deposit.

During the geochemica reconnaissance work in the
upper part of Windy Creek, we found anomal ous concentra:
tionsof copper, cobalt, lead, and zincin theSSand NMHMC

samples (Church, Bailey, and Riehle, 1989; Church and

Motooka, 1989; Church and Arbogast, 1989). We al so sam-
pled pyrite-bearing float at sites 88 and 90 that contained
anomalous concentrationsof molybdenum, lead, and silver.
During followup studies of this area, we sampled hornfels
derived from the Naknek Formation that contained dissemi-
nated pyriteand thin (1-2 mm thick) quartz veins. At site 92,
we sampled sulfides, mainly pyrite, that were present as
pyrite-richveinsand asdisseminated grainsin quartz-cacite
veins and as matrix materia in breccia fragmentsin taus.
Exposed in the cliff face above site 92 is a large breccia
body, measuring 10 mor morein thicknessand 30 mor more
in length, composed of brecciated rock fragments of the
Naknek Formation and intrusive rocks in a pyritic matrix.
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Thefine-grained pyritic matrix formsas much as 30 percent
of the breccia; only lead, silver, and zinc were present at
anomalousconcentrationsin the sampleswe collected from
taus (pl. 2; table 14). Tourmalinewas a so observed. Quartz
veinsand brecciasof thistypearecommonly associated with
porphyry Cu-Mo deposits (Cox, 1986d).

IKAGLUIK CREEK SUBAREA

Thesuiteof geochemica anomaliesindicated by the SS
and NMHMC samples from the Ikagluik Creek subarea (T.
19-21 S, R. 33-35 W.) does not differ significantly from
thosefrom the Buttress Rangesubarea; only thefrequency of
occurrenceis different (Church, Bailey, and Riehle, 1989;
Churchand Motooka, 1989; Churchand Arbogast, 1989). In
the SS samplesanomal ousconcentrationsof Pb, Zn, Cu, Co,
and As were common, whereas Mo, Ag, Ni, Bi, or Cd were
less commonly anomalous. In addition to the suite given
above, barium, gold, or tungsten were also present a anom-
dous concentrations in the NMHMC samples from a few
drainagebasins. Pyrite was ubiquitous, galena, cha copyrite,
and sphalerite were common, and arsenopyrite, wulfenite,
schedlite,and gold were identifiedin afew of the NMHMC
samples (Church and Bennett, 1989).

Followup sampling was done a many locdities in this
area (sites97-112; geochemica datagiven in table 14) in an
atempt to understand the source of the geochemical anoma:
lies. On both sides of Ikagluik Creek near its headwatersa
moderately to strongly porphyritic tonalite to quartz diorite
pluton intrudes M esozoic sedimentary rocks, primarily the
Naknek Formation. There are numerous small outlying
gtocksand sillsin thisarea. The groundmass of theintrusive
rocksis pervasively dtered to chlorite and calcite and con-
tains minor epidote. The veins, fractures, and minor faultsin
theserocksare nearly vertical,and the wallrocksare locdly
dlicified or dtered to propylitic assemblages. Mot of the
mineralized rock samples from the Ikagluik Creek subarea,
excluding site 103, contained anomal ous concentrations of
Cu, Ag, Pb, Mn, As, Mo, Zn, Cr, Ni, Au, and Cd, and, less
commonly, Sb, Bi, Co, or Sh. Multiplegenerationsof quartz
veins containing pyrite, molybdenite, and chryscalla,
together with epidoteand chlorite, are common. An Fe-Mn-
oxide breccia containing fragments of siltstone wes also
sampled (site 100). Quartz veins in the breccia contain epi-
dote, pyrite, and chalcopyrite. We observed similar quartz
veins and brecciamateria at many of the other sites within
thissubarea. Quartz-vein samplesfrom site 103, largely col-
lected from float, commonly contained anomal ous concen-
trations of Au, Ag, Zn, Bi, Cd, Pb, Cu, and Mo, whereas
anomalousconcentrationsof As, Sb, Co, Ni, or Cr wereless
common, Pyrite, sphalerite, and galena were the common
ore minerasidentified in these vein samples. We interpret
thesedatato beindicativeof polymetallic veins; thisdeposit
mode (Cox, 1986f) best fits the geologic and geochemicd
data from this subarea (pl. 2). However, a conceded

porphyry Cu deposit cannot be ruled out, particularly inlight
of the geologic and geochemica observationsin the Margot
Creek valley described for the Buttress Range subarea.

QUATERNARY VOL CANIC ROCKSOF THE
ALEUTIAN RANGE SUBAREA

On the flanks of the active volcanoes (sites 108,
113-119; data given in table 14), we collected a small suite
of atered rock and float samples that contained anomalous
concentrationsof lead, bismuth, or arsenic. Oneor twosam-
ples aso contained anomalous concentrations of Hg, Zn,
Mo, Sn, Co, Cu, Ag, or Cd. Followup studies were largely
unrewarding because mogt of the anomalous samples were
collected fromfloat in streamsaat the terminusof apine gla-
ciers. Our observations made a Mount Mageik, located at
the headwatersof Martin Creek (T. 23S, R 37 W), are typ-
ica of the active volcanic centersin the Katmai study area:
Mount Mageik contains asmall, water-filled, seaming cra-
ter a its summit. Volcanic rocks exposed dong Martin
Creek (site 115) are silicified and bleached. They consis-
tently contain 300—500 ppb Hg and as much as 2,900 ppm F.
Goldfarb and others (1988) pointed out that this area is
favorable for undiscovered precious-metal-bearing hot-
springs deposits. Deposits from hot springs were also sam-
pled dong the crest of the Aleutian Range a sites 108 and
113 during thisstudy (pl. 3). A precious-meta-bearinghot-
sorings or epithermal quartz-vein mineral deposit mode
(model 25b; Mosier and others, 1986) best describesthe geo-
logic and geochemica data for sites 108 and 113-119
(table 14).

Samples of the smdl fumarolic vents exposed at
Novarupta(T. 22 S, R. 36 W.; site 120, table 14) were ana-
lyzed to evauate the metd anomalies associated with the
rootless fumaroles that formed following the eruption of
1912 (Fenner, 1920). Keith (1984) reported on zones of
argillic dteration in the fumarole vents and observed
dunite in active hot springs a Novaruptain 1982. Anoma-
lous concentrations of Pb, Bi, T, Sb, and As were common
in these samples, whereas Cu, Mo, Sn, or Co were less
common, and Au and Ag were detected in trace amounts
(Keith, 1984). Hydrotherma activity at Novarupta repre-
sented a single, short-lived geologic event resultingin vent
aeas of smdl ared extent, each generaly only a few
meters in any one dimension. As such, they may constitute
a feature of generd academic interest rather than one of
economic significance. Nevertheless, the meta zonation,
mineralogy, and dteration suites observed in the fumaroles
a Novarupta, as well as at fumaroles sampled in the lower
part of the Vdley of Ten Thousand Smokes, are instructive
in the sudy of vapor-trangport processes (Keith, 1991).
Many of these geologic and geochemica features have
been reported as guides to gold and silver mineralization
associated with volcanic domes in the Andes (Cunningham
and Ericksen, 1991). The Novaruptadome areais an ided
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dudy area for a single-event, gold-bearing epitherma
quartz-alunite system (minera deposit model 25e, Berger,
1986).

In summary, the Buttress Range-lkagluik Creek area
may contain both an undiscovered porphyry Cu-Mo deposit
and one or more undiscovered polymetalic-vein deposits.
The geologic and geochemical data dso indicate additional
aress, discussed in detail above, that have potential for
undiscovered polymetallic-vein, precious-metd -bearing hot
sorings or epithermd quartz-auniteveins.,

FOURPEAKED MOUNTAINAREA

The Fourpesked Mountain area (T. 14-18 S, R
24-29 W.) is underlain by Mesozoic sandstoneand siltstone
(In, Kh, Kp, KK) and by Tertiary sandstone, conglomerate,
and tuff (Tc, Th). Therocks of the area are broadly folded
and pervasively fractured. The areais an alpine terrain that
isgenerdly free of snow andice beow aneevationaof 1,000
m during the summer field season. Because glacial drift is
thin, exposures are good. A late Tertiary pluton underlies
Fourpesked Mountain (unit Ti, ages are generdly 48 Ma,
Shew and Lanphere, 1992). Sills, dikes, and small plugsaso
crop out in the sedimentary rocks beyond the margins of the
pluton. The man pluton is tonalite to granodiorite and is
locdly porphyritic, having a fine- to medium-grained
groundmass. Aress of hornfelsare locally prominent adja
cent to intrusive rocks, and thin quartz veins and red-brown
color anomalies are present throughout the Fourpesked
Mountain area. Northwest-trending fractures and minor
faults cut both sedimentary and intrusiverocks, but they are
more prominent in the sedimentary rocks. The Tertiary sed-
imentary rocks are plagtically deformed locally a the mar-
gins of dglls. Fourpesked Volcano tops Fourpeaked
Mountain and forms the prominent high on Cgpe Douglas
(L D).

The SS and NMHMC geochemica datadefine abroad
zone Of base-metd anomdies(pl. 2) in the southern part of
the area (Church and Arbogast, 1989; Church, Bailey, and
Riehle, 1989; Church and Motooka, 1989). Many SS sam-
ples contained anomal ous concentrationsof Cu, Co, Pb, Zn,
and As Anomaous concentrationsof silver, molybdenum,
nickel, or boron were present in somedrainage basins. This
geochemicd suite differs from that associated with the Ter-
tiary intrusiverocks(Tiu) in the ButtressRangeand Ikagluik
Creek subareasas wdl as the suitefrom the Kulik Lakearea
(Tgd, Tqd) in that anomaous concentrationsof arsenic are
ubiquitous in the Fourpeaked Mountain area. Pyrite was
abundant in NMHMC samples from these drainage basins;
chacopyrite and arsenopyrite were common. Gaena,
sphalerite, and barite were lesscommonly observed (Church
and Bennett, 1989).

The mogt prominent groupof geochemica anomaliesis
in the southwestern part of the Fourpeaked Mountain area,

northeast of the mouth of the Big River (pl. 1). In addition to
the base-metd anomalies described above, the SS and
NMHMC samplesfrom thesedrainage basinsal so contained
anoma ous concentrationsof molybdenum, boron, or tung-
den. Pyrite was ubiquitous, chacopyrite, wulfenite,
schedlite, and arsenopyrite were common; and sphalerite,
barite, and gold wereless common in the NMHMC samples.

On the west and northwest side of the Fourpeaked
Mountain areg, a large As-Sh-Au-Ag anomaly was defined
by the SS and NMHMC geochemicd data (pl. 3). Within
these drainage basins pyrite and chal copyrite are common,
and arsenopyrite, galena, and barite were identified in some
NMHMC samples. Gold was observedin the NMHMC sam-
ple collected from the drainage basin containing sample
locality 135 (pl. 3).

Rock and float samplesfrom the Fourpeaked Mountain
area that contained anomalous concentrationsof metalsare
summarized in table 15 (sites 121-168). Mogt of the rock
samples listed were collected in drainage basins containing
base-metal anomdies (sites 141-156, 159, 160, 163-167,
173,174,176; stesshown on pl. 2). Samples, generdly from
either dikes or plutonic rocks but aso from hornfels, com-
monly contained anomalous concentrationsof As, Zn, Pb,
Sb, Ag, and Bi; less commonly, they contained anomaous
concentrationsof Mn, Cd, Co, Cu, or Mo, and a few con-
tained anomalous concentrationsaf Ni, Cr, Au, or Hg. Sam-
ples genedly were dtered to epidote and chlorite
ass=mblages typica of a propylitic ateration suite. Pyrite,
cha copyrite, and arsenopyrite are common in quartz veins
and dong fractures. In the northwestern part of the Four-
peaked Mountain area (T. 14-15 s., R. 26-28 W.) similar
bedrock geochemica anomalies were also observed (sites
132-134, 136-138). Quartz veins containing pyrite were
observed at many of these localities. A polymetalic-vein
minera deposit modd best accountsfor these geologic and
geochemica observations.

Southwest of Fourpesked Mountain, samples of horn-
felsand hydrothermdly atered Mesozoic and Tertiary sedi-
mentary rocks and Tertiary intrusive rocks were collected
from stes within drainage basins where the reconnai ssance
geochemica dataindicatedapotential for undiscovered por-
phyry Cu-Mo deposits (T. 16-18 S,, R 27-28 W.; pl. 1).
Rocks from these stes (138-139, 157-158, 161-162,
168-172, 175) are closdly associated with intrusive plugs,
dikes, or slls. Mog of the minerdized rock samples con-
tained anomalous concentrationsof As, Zn, Cu, Mo, Sb, Ni,
Co, and Mn, and, lesscommonly, of Cr, Ag, Au, Bi, Pb, Cd,
or . Zonesof argillicand sericitic ateration are commonly
associated with abundant quartz veins. Zones of propylitic
dteration are asociated with the Tertiary intrusive rocks as
indicated by the higher frequency of chromium and nickel
anomaliesin igneous samples. Quartz veins are common in
open spaces, fracturesin the sedimentary rocks appear to be
radia to intrusive centers. Locally, iron-stained zones are
found around thin pyrite veins. Exposed in the stream
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Table15. Geochemical and geologic datafor sdlected samplesfrom the Fourpeaked Mountain area, Katmai study area, Alaska.

[Sampleslisted here have concentrationsthat exceed the 95th percentilefor the respectivelithologic unitsas definedin table4. " SiteNo." isthelocality shown on plates1-3;
map unit symbols are thoseon the geologicbase map on plates1-3. An"X" in columnsheaded*'Ven," “Frac,” or “Alt” indicatesthat veins, fracture fill, and (or)
hydrothermally altered rock, includingcolor anomaliescaused by the oxidation of sulfideminerds, vere observed at the ssmplesite; “Int” indicatesthat the sampleisan
intrusive rock, or that thereisasill, dike, or pluton exposed nearby. “Lith” indicates the rock typeof the sample: 1, sandstone or siltstone; 2, conglomerate;3, volcaniclastic

Site  SampleNd. Map Mn C Ni (€3] Q M Sn Ho Ag Bi Zn Cd
No unit

121 85IMIT5 Kk - - - - 10
122 K417TIRA (¥ 2,000 —_— - 70 300
123  K4145RA (% 2,000 —_— 70 300 Y J—
124 86DT255 Kk - —_— -
125 85DT213  Jn - —_— - — -

126  85DT214 Jn - -— — - - — - — — — - 02
127 86YB313 Td 2,000 - - -— 200 - - - - - — —
128  86DT256 Jn

129 K4165RA (%) — 50 - - 200 -
130  86DT254 Jn - - - 50 100 — — —— - — - ——

131 86JM192  Jn - -
131  86JMI93B  Jn 5,000 - U
132 K4148RA (%) - - e - 200 6
133 K3336RA (%) - — e - - 3.0
134  86IMI89 Kk S 11 J— 100 19 -

135 86DT250 Kk —_ — —
135 86DT251 Kk - - —_— I
136 K4528RA (%) — 500 100 100 200 1
137 K332IRA (%) 1,500 — 50 150 — e 500 1.0 730 13
138 K4527RB (¥ - - - 200

139 85DT203  Tc - - 70 500 — —
140 K4I31RA (¥ - 50 1.0 250 7
141  86RJ044A  Td - 70 — -
141 86RJ044B  Tc — S — L -
142 K4519RA (%) —

143 84RJI148C  Ti - - -
144 84YBO79  Ti - S — - 1.0 - -

145  84EMO064C  Ti - S — 0.7 100 5
145  84EMOG4E Tc S — — e 100 5 i
146 K4518RA (%) 1,500 - 100 70 1,000 2 165 -

147 84RJIS4D  Tc 2,000 S — - 400 1.7
148  84YBOSOC i —_— - 70
149 84IMII3  Tc _ - 230 -
150 84DT139  Ti —_ - 700 S — 7
150 86RI049A Ti —_— - 200 1.0 — — -

150 86RJ049B  Ti - 300 - —_— 95 -
151 K4128RA (%) — —_— — 100 1
152 86RJ048  Ti - -
153 K3313RA (% 3,000 S — - - 50 4 205 -

154 84DT142 Tc — B — _— - 200 1.0

155  84IMO72 i - S 100 -
156  84IMO68B  Tc - - - - —_— e 150 5 420 -
156  84IM069  Tc — 270 i
157 K4126RA (%) 2,000 - e 150 1,000 100 - 5.0 6 145 -
158  86RI0S2A  Tc —_ - - S — _— -

158 86RJ052C  Tc 3,000 200 -
158 86RJ0S2D  Tc — 500 20 -
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rock o tuf; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone and (*), float sample. Mineralogy isgenerally based upon field
identificationsof hand specimens: py, pyrite; cpy, chalcopyrite, asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Feox., iron oxides; dissem.,
dissaminated mineral grainsin sample. Dashes(--), concentrationsnot anomalous or featurenot observed, all concentr ationsexpressed in partsper million (ppmy); >,

concentration i S greater than reported valug]

Site  SampleNo. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence
121 85IM175 Kk - - - - 1 - ] ]
122 K4I17IRA (%) - 10 — - - X 1 X X PyandFeox. ingtzvein.
123 K4145RA (%) 10 — X 5 = - Dissem.py.

124  86DT255 Kk 0.9 1 -

125 85DT213 Jn 38 - 1 -

126 85DT214 Jn - - - 46 - -— 1 — —

127 86YB313 Td - - - 5 - -

128 86DT256  Jn 2 14 - - 1 - -

129 K4165RA (% 300 4 - - X 1 —- -~ Marcasite nodule.

130 86DT254 Jn - --- - - - - 1 - ===

131 86IM192 Jn - — — 24 - 1

131 86JM193B  Jn — - — 30 e - 1 - -

132 K4148RA (@) --- ——- 12 X X 5 X Py in gtz veins.

133 K3336RA *) 0.10 120 —_— - X X 1 - X Vuggy qtzand py in breccia
134 86IM189 Kk - X 1 X

135 86DT250 Kk 6 - 1 -

135 86DT251 Kk — 2 . - - 1 -

136 K4528RA () 10 4 = - X 5 - -~ Dissem. py.

137 K3321RA ™ 10 I —_— X 1 X X Py veinaong fractures.
138 K4527RB (%) -— - X X 4 X Dissem. py.

139 85DT203 Tc 120 — X X 3 -

140 K413IRA () SO 60 10000 -- X X 5 — - Pyand dtibnitein gtz vein.
141 86RJ044A Td - — e 5

141 86RJ044B  Tc 40 - X M X

142 KA4519RA (@) 180 2 X X 5 - ---  Dissem. py; tourmaline.
143 84RJI48C T 10 - = 5 -

144 84YBO79 Ti — — — e — e 5 - X Qtz veins.,

145 84EMO064C Ti — 100 - —_— 5 — Dissem-py.

145 B84EMOG4E Tc - 6 - X X ai - —  Dissem.py.

146 K4518RA (%) = 10 - - X 1 ~ -~ Dissem.py.

147 84RJIS4D Tc — S — - - 1 - -

148 84YBO8OC Ti S —_ - 5 - -

149 84IM113 Te - - - X 1 - -

150 84DT139  Ti 60 40 X - 5 — X

150 86RIO49A  Ti 70 - - X X 74 - X  Qtz vein, Fe ox..

150 86RJO49B  Ti — — .- - X X 714 —_ X Py inveins.

151 K4128RA ™) 10 — - X X - — X Vuggy qtz vein with py.
152  86RJ048 Ti - — - - — e 5 -- X  Qtzvens.

153 K3313RA (%) 10 2 - X x 5 - == Dissem. py.

154 84DT142 Tc --- — —_— e —_— e 1 - —

155 84IM072 i — - - — 5 - -

156 84IM068B Tc - — [ — - 1 - -

156  84IM069 Tc - — e 1 i, -

157 K4126RA () 10 40 2 - X 4 - X Py, chlorite, amethystin gtz vein.
158 86RJ0S2A  Tc 120 4 X X 72

158 86RJ052C Te - - —_— e — e 71 - X Qtz vein.

158 86RJ052D Te - 80 4 - - e W - X
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Table15. Geochemical and geologic datafor selected samplesfrom the Fourpeaked Mountain area--Continued.

Ste  Sample No. Mg Mn Cr Ni Co Cu Mo T Pb Ag Bi Zn Cd
No. unit

T KOIGZRA () - 2 /) — r - =

160 KO0163RA *) - -~ - --- --- 15 - 70 - 1 85 -

161 KOI60RA (%) 50

161 KOI6ORB  (*) - 200 10 -~ 70 -

161 K360SRE  Ti — 50 150 50 1.0 500 -

162 KOISTRB (%) —_— 70 - 20 - 8

163 S84RJI4IE  Tc _—

164 K4514RB (%) 1,500 300 - 215 -

164 K4514RC (%) S — —_— 2 70 -

165 84RI086A  Tc _ 50

166  84EMO18C  Ti 70 - -

166  84YB028 Kk - 100 70

167 84IMO67 Kk - 200 - —_— - 100

168 K4515RC (%) 5,000 - 100 -

169 K3309RA  (¥)

169 K3604RB  Ti 5,000 — - 150 >20,000 50 - 200 200 2 2,000 6.4
169 K3604RC  Ti — 50 200 2000 100 - 100 20 2 200 1.5
169 K4123RA () 1,500 — - . 65 -

170 86RJI06A  Kh 200

170  K3603RB Kk — 300 50 70 500 1.0

171  86IM182C  Ti - - S — 270 -

172 K3352RA (% — 300 70

172 K4168RA (¥ - 150 S0 —

173 86RJ0SSB  Kh 2,000 70

174 K4562RA (%) 2,000 300 — - 500 2.0 3 5000 -

175  86RJIO3A  Ti — 500 B —

175 K3600RA  Ti 2,000 500 - 200 — 100 1.0 3 200 4
175 K3600RI Kk 5000 150 S0 - -

175 K360IRA  Ti 2,000 — 100 15 - 200 -

175 K3601RD Kk 200 15 - —_ -

176 K4511IRA (%) - — e — 100 -

drainageat site 169 isasmall, pervasively dtered plug con-
taining both disseminated and vein sulfides, mainly pyrite,
chal copyrite, and molybdenite(?). Samplesof quartzveinsas
much as 6 cm wide from thislocality contained copper con-
centrations greater than 20,000 ppm and molybdenum con-
centrations as much as 100 ppm. Both the geochemical suite
of metalsand the geologic observationsindicatethat undis-
covered polymetallic-veinand porphyry Cu deposits, associ-
aed with local extension and fracturing of the overlying
sedimentary and volcanic rocks during the emplacement of
hypabyssal intrusiverocks, may be present.

Rock sampleswerecollected fromonly threesites(135,
140, and 168; pl. 3) within drainage basins characterized by
the AsSH-Au-Ag anomaly suite defined by the SS and
NMHMC geochemica data. The samples of sedimentary
and volcanic rocks were cut by small quartz veinsthat con-
tained anomalous concentrations of Sh, As, and Hg; scat-
tered samples also contained anomal ous concentrations of
Mn, Zn, Pb, Mo, Au, or Ag. A float samplefrom site 140, cut

by quartz veins containing stibnite and pyrite, contained 05
ppm Au (pl. 3). A precious-meta-bearingpolymetallic-vein
modd would best account for these observations.
Samplesof veins and sedimentary rocks from the west
sideof the Fourpeaked Mountain area, west of the zones of
anomalies defined by the SS and NMHMC samples (sites
121-131; pl. 3), generdly contained anomalous concentra
tionsof two or three of thefollowing elements. Hg, Mn, Zn,
Cu, As, or Sh. The dements Co, Cd, Au, Ag, or Mo were
present in anomal ousconcentrationsin only oneor two sam-
ples (pls. 2 and 3). Sample 122, which contained 1 ppm Ag,
was collected from a small quartz vein in rocks of the
Kaguyak Formation. These samples were not associated
with obvious zones of altered rock or with intrusive rocks;
we provisondly interpret these geochemical anomalies as
poorly developed polymetallic veins associated with
regiond fractures and faults that are similar to those
described e sawherein the Fourpeaked Mountain area.
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Site  SampleNo.  Map Au As Sh Hg Alt Int Lith Frac Vein Mineralogy and

No. unit mode of occurrence

159 KO0162RA ™ — 10 o 12 — X — — - SlICITIed hypabyssal with dissem.
Py.

160 KO163RA *) 10 . . . X - - — Anfie'sitc with d_|ssem. py.

161 KOl60RA ®*) - . J— —_— - — —- - Oxidized and dissem.py.

161 KO160RB ™ — 10 - — X - - - Hematite-cemented breccia.

161 K3605RE Ti - 30 — - X X 5 - Feox.in silicified rock

162 KO0157RB *) o 80 8 54 - X -- — -~ Oxidized and dissem.py.

163 84RJI4IE  Tc .05 X - m X -~ Feox.

164 K4514RB (@) — 4 X 5 X Oxidized py in gtz vein.

164 K4514RC (%) 10 2 — X m - - Dissem.py.

165 84RJO86A  Tc — - - - X m -

166 84EMOISC  Ti e

166 84YB028 Kk - - - - X -- 1 -

167 84IM067 Kk X X 1 - -

168 K4515RC () 20 - X X 5 X in gtz vein. )

169 K3309RA *) .10 2 - X X 5 X Issem. py; py in qtz veinlets.

169 K3604RB Ti 11 10 — e X X 5 X Py, cpy, spl in gtz veinsasmuch as 6
cm wide.

169 K3604RC Ti .40 60 8 X X 5 X Py ingtzveins.

169 K4123RA (%) P X X 4 - - Dissem.py.

170 86RJ106A Kh ——- — e X X 1 X - Oxidized py veins.

170 K3603RB Kk 10 10 -~ X M - ~— Dissem.py

171 86JM182C Ti —- 50 — - — X 5 - -

172 K3352RA (%) - X X 5 -- - Dissem.py.

172 K4168RA (%) 10 X X 5 - Dissem.py.

173 86RIOSSB Kh 90 X X mn Feox.

174 K4562RA ™) --- 80 6 - —-— X — X Fe ox. in breccia; spl.

175 86RJ103A Ti —_ — — e - X 5 ---

175 K3600RA  Ti 30 10 4 . X X 5 X Feox.invuggy qtzveins.

175 K3600RI Kk -- X X m - - Dissem.py.

175 K3601RA Ti — — — o X X 5 X Py in gtz veins; calciteveins.

175 K3601RD Kk - —— . e X X m Dissem.py insilicified hornfels;
calciteveins.

176 K4511RA (%) 20 10 - — X 8 — X Pyinqtzveins.

In summary, the Fourpeaked Mountain area contains
undiscovered polymetallic veins in the area between Four-
pesked Mountain and the Big River. In addition, the Four-
peaked Mountain area has potential for undiscovered

polymetallic-vein deposits and for concealed porphyry Cu

deposits associated with middle to late Tertiary hypabyssal
and plutonic rocks.

NINAGIAK RIVER AREA

The Ninagiak River areais south of the Big River and

runs from east of the crest of the Aleutian Range to the north
shore of Hallo Bay (T. 18-19 s., R. 28-31 W)). The area is

underlain by sandstone and siltstone of the Naknek Forma-
tion (Jn), which, in turn, is overlain either by Quaternary
(Qac, Qad, Qap) or late Tertiary and Quaternary (QTac,
QTap) volcanic rocks near the range crest. Except for verti-
cal dikes (Td) having a northwesterly trend, exposures of

Tertiary volcanic and hypabyssal rocks (Ti) are uncommon
in the Ninagiak River area

The SS and NMHMC geochemical dataidentifiedscat-
tered drainage basins containing geochemica anomalies of
Cu, Pb, Zn, Ni, or Ag; anomalousconcentrationsof Mo, As,
Au, and Bi were also Observed (Church, Bailey, and Riehle,
1989; Church and Motooka, 1989; Church and Arbogast,
1989). In drainage basinswest of Kaguyak Crater the rocks
are cut by large north-south-trending norma faults. Com-
monly, NMHMC samplesfrom watershedswest of Kaguyak
Crater contained anomalous concentrations of boron, sug-
gesting the presence of tourmaline in the drainage basin.

Pyrite, chalcopyrite, sphalerite, gnd arsenopyrite \were com-
mon in NMHMC samples collected from several drainage
basins west of Kaguyak crater and near the Aleutian Range
crest, whereas wulfenite and galena were identified in
NMHMC samplesfrom only a few localities (Church and
Bennett, 1989).
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Table 16. Geochemical and geologic data for sdlected samplesfrom the Ninagiak River areg, Katmai sudy areg, Alaska

[Samples|listed here have concentr ationsthat exceed the 95th percentile for ther espectivelithologicunitsasdefinedin table4. " SteNo." isthelocality shown on plates 1-3;
map unit symbolsar e thase on the geologic basemap on plates1-3. An" X" in columnsheaded'Ven," “Frac,” a “Alt” indicatesthat veins, fracture fill, and (or)
hydrothermally altered rock, indudingcolor anomaliescaused by the oxidation of sulfide minerals wereobserved a thesample site; “Int” indicatesthat the ssmpleisan
intrusverock, or thet thereisasill, dike, or pluton exposed nearby. “Lith” indicatestherock typeof thesample 1, sandgonear siltstone; 2, conglomer ate; 3, volcaniclastic

Site  SampleNo. Map Mn Cr Ni Co Cu Mo Sn Pb Ag Bi g Cd

No. _ unit

177  84DTI106A 1d — — —~ 10 - e —
178 KOI75RA (%) — - 5 1
179 86JM206 Jn 2,000 - -— 70 — —_—
179 86JM210 Jn — 200 - - - - - - — — - —
180  K3402RA (%) 2,000 - _— e 70 15 — 120 -
180  K3402RD (% 2,000 - - 10 - — 150 -
181  K3403RE  (* - 200 50 - - 20 0.7 130 -
182  86YB326  QTac - 300 50 50 100 —
183  K3404RA (® 5,000 _ - e 150 20 - SR —
184  KOI66RB (%) 50 — - —-— -
185  Ko0IT ® - —_— e e — — -
186  84YBO033A Jn - - - 7 — -
187  84JM084  Jn - —_— - - — —
188 84IMOS8A  Jn - e e 2.0 S —
188  84IM58A  Jn _— - e — 2.0
189  84IMO61A  Jn A — — 70 -
190  84JMO066  Jn - - 200 - - 150 -
191 84IM064 Jn — - 70 - 150 5 140 -
192 84IMO065 Jn 2,000 — - — 160 -
193  84RJ068B Td - _— e - 100 50 _— -
194  84RJO70B  Jn - —_— - - 5 - — -
194  84YBOISB Td 50 1.0 3 — -
195  84RI067B  Jn - S 200 - 130 ---
196 84DT074 Jn - - 70 135 -
196  84DTO75  Ti 2,000 - 120 04
197 84DT081 Jn - 10 — 100 -
198  83RI145B  Jn — 200 - @ e 5 3
199  83RII44A  Jn _— - - — - 5
199  83RJ144C  Ti 1,500 - — — 6
199 84YB023B  Ti — 200 20 70 4
200 84RJ0O9IB  Ti 120
201 83PB010 Qac — —
201 83PB054B  Qtap 1,500 [ J— 180 8
201 K4135RB (%) 2,000 200 50 70 150 120 5
202  83DT002B  Jn - - = e — SR —

Anomalous concentrations of metds (sites 177-202;
geochemica datagiven in table 16) were found in samples
that are predominantly sedimentary rocks, but most were not
highly enriched in base or precious metas (pls. 2 and 3).
Anomalousconcentrationsof Zn, As, Mo, Cu, and Cd, and,
less commonly, Mn, Ni, Pb, Ag, Au, or Sb were found. A
sngle dike sample (site 199) also contained an anomalous
concentration of tin. Mogt rock samples contained anoma-
lous concentrations of only one or two elements. Hornfels
and quartz veins were not commonly observedin the field
wherethesampleswere collectedin the Ninagiak River area.

At site 193, we sampled a narow brecciadike at the
margin of alargecolor anomaly in the Naknek Formeation on

the north side of Hallo Bay that contained anomalous con-
centrationsof copper, lead, and gold (0.1 ppm). The breccia
dike contains angular and rounded clasts derived fiom the
Naknek Formation. Quartz veins are concentrated along its
margins. A number of small igneous plugscrop out withina
few kilometersof thislocality.

Sites 194-197 are closdy adjacent sites within a
color anomay developed in fractured, homodlindly dip-
ping blocks of the Naknek Formation. These sites are
dong the axis of the Aleutian volcanic arc in a gap
between the volcanic deposits from Devils Dek and
Kaguyak Crater. The SS and NMHMC samples fiom the
drainage basin where rock samples 194 and 195 were col-
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rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone; and (*), float sample. Mineralogy isgenerally based upon field
identificationsof band specimens: py, pyrite; epy, chalcopyrite; ap, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Fe ox., iron oxides; dissem.,
disseminated mineral grainsin sample. Dashes(~—), concentrationsnot anomalous or feature not observed; all concentrations expressed in partsper million (ppm); >,

concentrationis greater than reported value]

Ste  SampleNo. Map Au As S H) Alt Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence

177 84DTi106A Td — — - 5 - -

178 KO0175RA (%) 10 — e X = 1 - == Oxidized dissem. py.

179 86IM206  Jn — - X - -

1 86JM210 Jn - 6 - — - 1 -— - ]

180 K3402RA (%) —_ — — e - X — — X Carbonatevein.

180 K3402RD  (*¥) 0.05 50 2 - X X 5 - -

181  K3403RE (%) 2 - e -

1822  86YB326 QTac - - —_— - - 4 - -

183 K3404RA * 2 50 —_— e - e 1 - - ] )

184 K0166RB *) 10 — —_— e 1 - == Calciteand gtz veins 1-3 mm wide.

185 K017 ® 10 2 A6 e e

186 84YB033A Jn - - — e X = 1 X —  Feox.

187 84IM084  Jn — 20 —_— . 1 - -

188 84JMO58A Jn - 1,60 42 = X - 1 —_— e

188 84IMS8A  Jn — 2,000 2 - — -1 - -

189  84IMO61A Jn - - - —_— 1 - -

190  84IM066  Jn - - 1 —-— -

191 84JM064 Jn 1 -

192 84IMO065  Jn - — e 1 —_— e

193 84RJ068B  Td 1 - —-— -5 X  Feox.

194  84RJO70B  Jn X X 1 — -~ Feox.

194 84YB0I18B Td - - e X - 5 - -—  Dissem. py.

195 84RJ0O67B  Jn 15 - —— - X X 1 X ---  Oxidized py veins.

196 84DT074 Jn - - — e X X 1 - -

196 84DT075 Ti --- - - e X - 5 - -

197 84DT081 Jn - — — — X - 1 - -

198 83RJ145B  Jn - - — -] —

19 83RJ144A Un — 14 - - - X 1 - X Pyandhematitein fractures

19  83RJI44C Ti — — — - - 5 _ -

199 84YB023B Ti — — — X X 5 - =  Pyvens

200 84RJOOIB  Ti — - - 014 - - 5 == Oxidized py veins.

201 83PB010 Qac — 2 e — e 4 - —

00 83PB054B Qtap - 10 - - X X 3 - == Dissem.py.

201 K4135RB ™) 10 — e X — 5 - —-  Dissem.py.

202 83DT002B  Jn .05 —— [ e e 1 - ——

lected contained a large number of metas in anomalous
concentrations (Cu, Pb, Zn, As, Ag, Bi, and Ba) and ore-
related minerals (pyrite, wulfenite, sphalerite, and galena).
A sample from a dike at site 194 contained anomaous
concentrations of silver, bismuth, and tin. Pyrite veins in
the Naknek Formation at site 195 contained anomalous
concentrations of copper, zinc, and gold. A sample from a
sill a site 19 contained anomalous concentrations of
manganese, zinc, and cadmium, whereas a sample of the
Naknek Formation from this site contained anomalous
concentrationsof lead and zinc.

Samplesof highly ateredsills (Ti; sites 199-200) con-
tained anomal ousconcentrationsof Mn, Cu, Mo, Pb, Zn, Cd,

and Hg. At site 200 vertical fracturesin rocksof the Naknek
Formationarelined by pyrite and hematiteafter pyrite.

Red-brown color anomaiesarelocaly well devel oped
in the sedimentary rocks owing to oxidation of pyrite
distributed dong vertica fractures. At site 199 thesehighly
dtered slisarecut by lessaltered, northwest-trendingdikes.

Samplesfromalate Tertiary to early Quaternary volca
nic tuff (ste 201) contained anomaous concentrations of
Mn, Cu, Zn, Co, Cd, and As (pl. 2). These geochemica
anomaiesare spatialy associated with an area where geo-
logic mapping suggestsemplacement of aresurgent domein
aseriesof thick ash flows, perhapsindicatingasmall caldera
at thislocdity.
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Tablel7. Geochemical and geologicdatafor selected samplesfrom the Barrier Range—Kukak Bay area, Katmai study area, Alaska.

[Sampleslisted here have concentrationsthat exceed the 95th percentilefor the respectivelithologic unitsas definedin table4.  "SiteNo." isthelocality shown on plates1-3;
map unit symbolsare thoseon the geologicbase magp on plates1-3. An"X" in columns headed'*Ven," “Frac,” or “Alt” indicatesthat veins, fracturefill, and (or)
hydrothermally ateredr ock, includingcolor anomaliescaused by the oxidation of sulfideminerals, were observed at thesamplesite; “Int” indicatesthat the ssampleisan
intrusive rock, or that thereisasill, dike, or pluton exposed neerby. “Lith” indicatestherock typeof the sample: 1, sandstone or siltstone; 2, conglomeréte; 3, volcaniclastic

Site  SampleNo. Map Mn Cr Ni Co Cu Mo Sn Pb Ag Bi Zn Cd
No. unit

203 83YB002  Tab — 200 100
204  83JM050B  Jn — 500 100 70 280 -
205  8§3PBO0YB  Jn — - — — 05
206  84IM086  Jn —_— - 100 5
207  84YB0IS  Qac . 50 -

208  84YB016  Qac — e 90 -
209 84YBO17  Ti - 50 -
210 83IMOSI Kk — = 100 170 05
211  84EM022C Tab — e 350 -
212 84EMO26A Kk — - 100 - 100 - 100 -— 180 -

212 84EMO026C Td 1,500  — 100 - - - e
213 84RJ064B  Th — — 200 5
214 KOI39R * —_— 200 - 10
215  KOO2IRA (%) 2000 - - -
216  KOI35RA (%) 2,000 - - - 10

217  KOI9RB (%) . 10 -
218  84RJ099D  Tab — 200
218 84RJI0IB  Tab N 1) _
219 84RJI00A Tab 50 -
220 83RII4IB  Tab . 10 - 4

221  84EMO003C Tab 2,000 200 100 50 7 -
222 §3YB007  Tab — 200 100 50 —
223 83PB0S8A Tab - e e — 130 —
224  S84EMO66A Tab 3,000 - - — 50 100
225  84EMO14C  Ti 2,000 — - — 100 - 1,150 7.7

226  84RJOSID i 2,000 -~ @ — — 200 - 200 10 15 580 23
227  KO178R ™ — - — — 10 — 10 1
228  K4524RA () — 500 20 70 20 10
229  84EMOI2G Td — 300 70 - -
230 KOISIRA (%) — e e — 50 - 4

231  K3500RA  Tab - 10 -
232 84RJ095C  Tab — 300 200 100
233 84YB063  Jn - 200 -
234  84EMO39C Tab 20 - 20
234 84EM040C Tab — 10

235  84RJI2IB  Un B 5
236  84RJI20D  Tab T,
236 KO0254RA (¥ — — — — Kl - -
236  KO025SRA  Tab 1
237  84EMO038C Tab — - K

238 86RJI2IA  Tab 50 — - 10
238 86RJI2IB  Tab 500 — 20
238 KO0250R Q) 100 - 20 1

238 K3619RA  Tab — — 50 3
238 K3619RB  Tab 100 - 10

238 K3619RD  Tab - 100 — 30
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rock or tuff; 4, lavaflow; 5, sill or dike; 6, plutonic rock; 7, metamorphosedrock/protolith; 8, limestone; and (*), float sample. Mineralogy is generally based upon field
identificationsof hand specimens: py, pyrite; cpy, chalcopyrite; asp, arsenopyrite; spl, sphalerite; gn, galena; mly, molyhdenite; qtz, quartz; Fe ox., iron oxides; dissem.,
disseminated mineral grainsin sample. Dashes(---), concentrationsnot anomal ousor feature not observed; all concentrationsexpressedin parts per million (ppmy); >,
concentration is greater than reported value)

Site  SampleNo. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and

No. unit mode of occurrence

203 83YB002 Tab - — 2 - — - 4

204 83JMO50B  Jn - 70 - - - - m - -

205 83PB009B  Jn - - - - - e m - -

206 84JMO086 Jn .- -—- - - - X mn - -

207 84YBO015 Qac - - - - - - 4 - -

208 84YB016 Qac - - - - — e 4 -- -

209 84YBO017 Ti - - - - - e 5 - —

210 83IM051 Kk - - - - - X 1 - X

211 84EM022C Tab - - - - X - 5 - - Qtz veins.

212 84EM026A Kk - - - - - X 1 - -

212 84EM026C Td -—- - - - — - 5 - -

213 84RJ064B Th - - — - - X /1 - ---

214  KOI39R *) --- 400 4 - X - 5/6 - ---  Dissem. py; py in qtz veins.

215 K0021RA *) - - — 0.45 X - - -— -~ Dissem. py.

216 KO0135RA ™) - - - .16 X - - -- -~ Calcite veins.

217  KO190RB Q) .- - 20 - .- — — -~ Oxidizeddissem. py in breccia.

218 84RJI099D  Tab .- — - - X 4 - - Dissem. py.

218 84RJ101B Tab - — - X T4 - Oxidizeddissem. and vein py.

219 84RJ1I00A Tab - — —— - --- X 7/4 - - Dissem. py.

220 83RJ141B Tab - — —_— e X 4 X -

221 84EM003C Tab - - m— e - X 4 .- -

222 83YB007 Tab - - - - - - 4 - -

223 83PB058A  Tab - - - - X - 4 - -

224 84EM066A Tab - - - - X 7/4 - - Dissem. py.

225 84EMO14C  Ti - - - - X - 5 - - Qtz-epidote veins.

226 84RJOSID  Ti — 80 2 . X -— 5 X - Feox.

227  KO178R ™ - — —_— - X — 5 — ---  Dissem. py.

228  K4524RA (@) 19 120 82 - X — 5 — X Py in gtz vein.

229 84EM012G Td nee —— — e U 5 —— ——

230 KO0181RA @) --- — — - X — 5 -

231 K3500RA Tab 0.15 310 [ X X 4 X Py in breccia.

232 84RJ095C Tab - - - - X 3 X - Feox.

233  84YB063 Jn — 150 S — - 1 —

234 84EMO039C Tab --- 70 - e X 4 — X Feox.

234 84EM040C Tab -- — — e X X 4 == X

235 84RJ121B Jn — — - eee — e 1 -

236 84RJ120D Tab = - 6 42 X X 4 X - Feox.

236 KO0254RA (¥ .05 210 - - X X 4 - Oxidizeddissem. py.

236 K0255RA  Tab - 10 S — X X 4 - Dissem.py.

237  84EMO038C Tab 210 2 14 - X 4 X - Feox.;qgtzvens.

238 86RI121A Tab - - — X - 4 X X Feox.; gtzveins.

238  86RII12IB  Tab 160 2 X = 3 X X  Feox.; gtzveins.

238 K0250R *) .05 300 6 - X X 4 Py in 2-mm-wideqtz veins, some
brecciated.

238  K3619RA Tab 20 800 6 - X X 4 - Finely dissem. py in breccia.

238 K3619RB  Tab 35 500 [ — X X 4 X Bandedqtz veins 3-5 mm widg; py,
jordisite.

238 K3619RD Tab .35 800 36 - X X - - X Pyjin qtz veins a much as 10cm

wide.
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Table 17. Geochemical and geologic datafor selected samplesfrom the Barrier Range-Kukak Bay area—Continued.

Ste  SampleNo. Map Mn Cr Ni Co Cu Mo S Pb Ag Bi
No. unit

K3619RG

238 Tab PUR—
238 K36I19RL  Tab - S 100 — 10
238 K3620RB  Tab - — 1,000 - - 50 -
239 83PB037B  Tab - —_ 15
240  8$3RJ096A  Tab - SN — 30 — 10
240 83RJI20  Tab — 15 4
241  KOO5IR ™ - 100 50 15 7
241 KOO69RA (¥ — - 20 —
242 83RJ079  Tab _— —
243 KOIO9RA  Tab 1,500 — -
244  8$3PBOI4B  Tab - -
245 $3RII68  Tab — S - 10
246  KOIS3RA (%) - 10
247  8$3PBO64C  Tab —
248 83RJ063  Tab - S 10
249  84YB083  Tab - - - 10
250  83RJI02B i —
251 84EMO067B Tab - S — 20 [ R—
252  KOI22RB (%) - S — — 300 150 - 300 7.0 2
253  83RJ154  Tab - _— —
254  83RJ032E  Tab — 300 100 50
255  84RJIOT3A Th 2,000 70 -
255  84RJO73C  Th >5,000 - 100
255 KOI47RA  Th 5,000
256  83AL043B T 1,500
257 83RIII6  Tab -
257 84YBO61  Th - —_— - —
258  84YBO42A Tab - 70 -
259  83PB025  Th - - —
260 83PB024  Th S - 10 5
261  83RJO54 i - R — —
262  KOII3RA (%) - R
263  KOO73RA (%) 7 —
264  S$3RI097C  Tab - — 10
264  84RJI35C  Tab - 500 - -
264  S4RJI35E  Tab - - - -
264  $4RJI35H  Tab - - - 10 5
264  S4RJ1351  Tab S -
264  84RJI35M  Tab - —_— - — -
264  84RJI35R  Tab - - - -
264  84RJI35S i — 300 100
264  84RJI35T  Tab - —_— - 10 5
265 S$3RJI22A  Tab — 300 - -
265  KO103R ™ 15
266  84EMOSIB  Tab - S 70
267 K3618RB T 2,000 50 30 30 - 3
267 K3618RD  Ti — 300 100 50 500 —
267 K3618RF  Tab -
267 K3618RG  Tab 3,000 — -
268 83RJI26  Tab -
268  KOIOSRA (%) - _— - 50
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Site  SampleNo. Map Au As Sb Hg Alt Int Lith Frac Ven Mineralogy and

No. unit mode of occurrence

238  K3619RG Tab 20 170 4 - X X FInely dissem. py In brecclaredqrz
veins.

238  K3619RL Tab 45 90 I X X - - X Finely dissem. py in gtz veins.

238 K3620RB Tab 15 600 2 - X X — - X Jordisite, py in qtz veins.

239 83PB037B  Tab - . 4 X X _

240  83RJ096A  Tab 40 X - 4 X X Quzvens.

240 83RJ120 Tab  — X - 4 - -

241 KO0S1R ™) .80 30 -— A8 e - - - ---  Dissem. py and qtz in breccia.

241 K0069RA @) 25 —— 6 - — e -— - - Qtz matrix breccia.

242 83RJ0O79 Tab - 40 - - X -— 4 — -

243 KOIO9RA  Tab - - 4 — - Dissem. py.

244  83PB014B Tab 40 6 22 X X 4 -

245 83RJ168 Tab 90 2 68 X 4 - —

246  KOIS3RA (¥ — — 16 - 4 = == Oxidized dissem. py.

247  83PB064C Tab - 40 —_— - X M - -

248 83RJ063 Tab - —_ - X - 4 X - Feox

249 84YB083 Tab - 300 2 . X = 4 = - Feox

250  83RJ102B Ti — — -~ - .- 5 —

251  84EMO067B Tab - X X 3 - - Feox _

252  KOI22RB (%) - 75 30 - - 4 — " Feox.invuggy gtz vein.

253  83RJ154 Tab - X 4 =

254 83RJO032E Tab - - - - - - 4 - -

255 84RJ073A Th 05 - — e - X 2 - ---  Fe ox. in conglomerate matrix.

255 84RJO73C  Th - - —_— - - X 1 -— -~ Fe ox. in sandstone matrix.

255 KO0147RA Th .05 - - e — - 1 - -~ Fe ox. in sandstone matrix.

256  83AL043B Ti 5 -

257  83RJ116 Tab - -— - - 3 — - Qtz veins.

257 84YBO061 Th - - - 34 - - 1 - —

258 84YB042A Tab - - -~ - - X 4 - -

259 83PB025 Th - - - - - -— 71 - -

260 83PB024 Th - - - - - - 1 - -

261 83RJ054 Ti — - — e X - 5 — —

262 KOLI3RA (%) - 50 X - = e

263 KO0073RA (%) 50 X 4 --

264  83RJ097C Tab 50 — — 15 X - 4 - X Qtz veins.

264  84RJ135C Tab - - —_— - X - 4 X -—  Dissem. py.

264  84RJI3SE  Tab 50 — - - - 4 X X Oxidized py, other sulfidesin gtz
vein.

264  84RJ135H Tab 50 — - X - 4 — X Oxidizedpy in gtz veins.

264  84RJ1351 Tab 560 10 - X = 4 X ---  Oxidized py in qtz veins.

264  84RJI35M Tab 20 - X = 4 X -~ Dissem. py.

264  84RJI35R  Tab .20 800 - - X - 4 X

264  84RJI35S  Ti —_ - - - X - 5 -~ .. Disempy.

264  84RJI35T Tab — _— e - - 4 - X Qtz veins.

265 83RJ122A Tab - - — 8 — - 1 — —

265  KO0103R ®*) - 100 2 0 — - 4 - - Feox.inbreccia )

266  84EMOSIB Tab - X 4 —  Oxidizeddissem. py inqtz veins.

267 K3618RB i - 130 X X 6 - -~ Dissem. py; epidote.

267 K3618RD Ti - 40 - - X X 6 - Dissem. py.

267  K3618RF Tab 80 - X X 4 - - Dissem. py.

267 K3618RG  Tab — —_— e X X 4 —  Dissem.py.

268 83RJI26  Tab - — 8 X = 4 - —

268 KO105RA (%) — —— e —— 4 - - Oxidized dissem. py.
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Table17. Geochamicd and geologicdaafor sdected samplesfrom the Barrier Range-Kukak Bay area—Continued.

Ste  SampleNo. Map Mn Cr Ni Co Cu Mo S Pb Ag Bi Zn cd
No. unit

269  83RJII0 Td — — — -- — — - 95  —
270  84EMO043D Jn — - - -- —— - -— E -— 110 -
271 83JMO038A Kk - - - -— — — - — e — . -
271 83RJ107C  UJn - -— - - — - — - e — — e
272 83DT051B. Kk —_ - - — — E —
273 83JM036A Kk -— - -— - - - - — e - -
274 83PB042  Tab T - — — 7
275 83PB043B Th -— -— - - — -— — S — — — -
276 83PB044 Tab —- -— 100 100 - — — — . — — -
277  K3621RD ™ - 200 100 -— --- 10 - - e - 90 3
277  K362IRE (% U 50 150 — — — e N
278 86RJ122B i - - - - — — e
278  K3622RC Ti - - - - 200 - - 100 --- - 180 4
278  K3622RE Ti -~ 200 100 50 150 -— — 30 - -- 370 2
279  83JM039B Td — - — - - 15 - — — — e
280  83ALO016C  Un - - - - - 100 -- - - 2 - -
281 83DT021 Kk - - -— 70 - - - —— - — - -
282  83DTO014A  Jn — — - - — - - - - - 130 6
283 83JM020A  Jn - 200 - - - 15 --- -—- 5 - — e

Thegeochemica anomaliesand outcrops of brecciated
sedimentary rocks adjacent to small igneous bodies suggest
that undiscovered polymetallic veins may be present in the
Ninagiak River area (pls. 1-3). Although the geochemical
anomaly patternsare not as persistent throughout the Nina-
giak River areaas they are in either the Fourpeaked Moun-
tan area or the Barrier Range-Kukak Bay area (e the
following discussion), the geology and geochemistry of this
aea are very similar to the Fourpeaked Mountain and Bar-
rier Range—Kukak Bay areasand may reflect an areaof sm-
ilar plutonic and hydrothermal history that has not been as

well exposed by erosion.

BARRIER RANCE- KUKAKBAY AREA

The Barrier Range—Kukek Bay areaextends east from
just west of the Aleutian Rangecrest to the shore of Shelikof
Strait, and from Hallo Bay on the north to the mouth of the
Katma River on the south. The area has as much as severd
hundred meters of relief; bedrock exposures are generaly
good dueto a paucity of glacia and dluvia deposits, except
dong theice- and snow-coveredcrest of the Aleutian Range.
LateTertiary volcanicrocks(Tab) crop out along the axis of
a northeast-plunging syncline; underlying Oligocene (Th),
Cretaceous (KK, Kp, Kh), and Jurassic (Jn) sedimentary
rocks are exposed successively outward from the axisof the
syncline. These sedimentary and volcanic rocks were
intruded by a variety of late Tertiary sills, dikes, and small
plutons (Ti, Td). Color anomaliesare widespread, and zones
of pervasivepropylitic dteration arecommon in the volcanic
rocks. Numerous quartz veins, fractures, and dikes trend

northwest. We interpret these widespread zones of ater-
aion, quartz veins, and dike systemsto berel ated toexposed
and inferred subsurface plutons.

To facilitatediscussion of thisarea, we have divided it
into three subareas (fig. 10). The northernmost of these,
called the Kukak Bay subarea (T. 20-22 S, R. 20-33 W.),
contains the fewest drainage basins that have anomaous
concentrationsof base and precious metasin thereconnais-
sance samples. Furthermore, rock samplesfrom sites within
this subareagenerdly show fewer metals at anomalouscon-
centrations than do samples from the southern part of the
Barrier Range. NMHMC samples from the coastal area of
the Barrier Range, called the Kuliak Bay—Kama River sub-
aea(T.22S.,R 031 W.toT. 25s., R. 32-35 W.), con-
tained most of the occurrences of cinnabar found in the
Kamai study area. Finaly, the Katmai Lakes—Hagelbargers
Pass-Dakavek Lake subarea (T. 22-24 S, R 32-34 W),
5-10 km east of Mount Katmai, dso has a digtinctive
epithermal -quartz-veingeochemical signature.

KUKAK BAY SUBAREA

SS samples from severa scattered drainage basins, or
small groups of adjacent drainage basins, on either side of
Kukak Bay contained anomal ousconcentrationsof Co, Mo,
Ni, or Zn (Church, Bailey, and Riehle, 1989; Church and
Motooka, 1989). In addition to theelementslisted above, the
NMHMC samplescommonly contained anomal ousconcen-
trationsof Cu and Pb, lesscommonly of Ag, Cd, or Ba afew
contained Sn, Bi, or Au (Church and Arbogast, 1989). Pyrite
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Site Sample No. Map Au As Sb Hg Alt Int Lith Frac Vein Mineralogy and
No. unit mode of occurrence
269  83RJ110 Td - - - - X X 5 X X

270  84EMO043D Jn - e — e —_— - 1 - -

271 83JMO038A Kk - - 4 - - - 1 - -

271 83RJ107C  Jn - - 2 - - X 1 - -

272 83DTO051B Kk - - 10 - X - 1 - X

273  83IMO36A Kk 10 - . - X I - -

274  83PB042  Tab - - 2 _— - 4 X -

275  83PB043B  Th - 4 - X - -

276  83PB044 Tab —_— - S - X ) )

277  K3621RD @) 50 2 X 6 X Py ingtzveins.

277  K3621RE *) - - - - X - 4 — -~ Dissem. py.

278 86RJ122B  Ti - - 4 - - - 5 - X  Qtzvein,

278  K3622RC Ti - 10 2 - X X 6 - -—-  Dissem. py.

278  K3622RE Ti - 30 — - X X 5 - ---  Dissem. py, spl in gtz veins.
279  83JMO039B Td - -— —_— - - - 5 - -

280  83AL016C  Jn - 360 6 55 - - 1 - -

281 83DT021 Kk - - 4 - - X 1 - -

282 83DTO014A  Jn - - — - - X 1 — —

283  83JM020A  Jn - - 2 - - e 4 -— -

and chalcopyrite were common in the NMHMC samples,
arsenopyrite and sphal erite were less common, and wulfen-
ite, galena, and gold wereidentified in one or moredrainage
basins (Church and Bennett, 1989).

Rock samplesfrom the north side of Kukak Bay (Sites
203-232, geochemicd data given in table 17) contained
anomaousconcentrationsof Zn, Ag, Pb, Mo, Ni, Mn, Cu,
Bi, and As; samples from some localities also contained
anomalousconcentrationsaof Sb, Cd, Hg, or Au (pls. 2 and
3). Cobb (1972) gave an gpproximatelocation on the north-
west side of Kukak Bay for a Cu-Au-Ag prospect reported
by Martin (1920). Geochemical data for the SS and
NMHMC samples from drainage basins near this locdity
were not anomalousexcept for those from two smdl drain-
age basinson the north side of theridge near site 211. Silver,
lead, zinc, and bariumwere present in anomalousconcentra:
tions in the reconnai ssance geochemica samples from this
drainage basin, and barite was identified in the NMHMC
sample. Gold was seen in the NMHMC sample from the
drainagebasinimmediately east of site 211. Samplesaf pro-
pyliticaly dtered Tertiary volcanicrock (Tab) and homfels
derived from rocks of the Kaguyak Formation (sites
210-212, 217, and 218) contai ned anomal ousconcentrations
of copper, molybdenum,lead, and zinc. Thesepropylitically
dtered rocks are generdly margind to small hypabyssa
plugsand dikes.

TheSS and NMHMC samples, as well asintrusive rock
samplescollectedfrom zonesof propylitic and argillic ater-
aion at the heed of Kukak Bay (from sites 224-228), had
higher metal contents than did samples from the north side
of Kukak Bay. The NMHMC samples from the drainage
basins near the head of Kukak Bay contained anomalous

concentrations of Ag, Cd, Pb, As, Zn, and Ba Pyrite and
arsenopyrite were identified in the NMHMC samples. An
NMHMC sample collected from the terminus of the glacier
near Sites 224-226 also contained 150 ppm Aul Rock sam-
ples from sites 247-249 were collected along the margin of
a gndl tonalitic pluton dated at 2.45+0.07 Ma (Shew and
Lanphere, 1992). This plutonis dightly porphyritic, and the
fine- to medium-grained groundmass is moderately altered
tochloriteand calcite. Anomal ousconcentrationsof Mn, Zn,
Pb, Ag, Bi, and Cd were determined in samplesof plutonic
rock collected within afew hundred metersof astoped con-
tact between the pluton and interbedded lavaflowsand brec-
ciafpl. 2). Layersaf volcanic rocks can be recognized for
as much as 100 minto the pluton as stringsof partly assimi-
lated inclusions. Locd color anomdlies in the pluton are
associated with smdll fracturesor veins. A sampleof aquartz
vein from site 226 contained anomal ous concentrations of
Mn, Pb, Zn, Ag, Bi, Cd, As, and Sb. The presencecf miner-
dized veinsin the pluton suggests thet thisareais favorable
for polymetallic veins near the marginsof shallow intrusive
rocks in the vicinity of Kukak Bay. We suggest that the
locdlity of the Kukak Bay prospect is probably margina to
the Kukak Bay pluton, mogt likely near the head of Kukak
Bay rather than in the uncertain locality reported by Cobb
(1972).

The SS, NMHMC, and rock geochemica data suggest
that similar base- and precious-meta veins may also extend
dong therange crest from near Mount Denison southwest to
Snowy Mountain and from the Aleutian Rangecrest east into
the outlying volcanic rocks. A sample of volcanic breccia
collected from an outcrop on the southeast side of Snowy
Mountain (site 231) contained anomal ous concentrations of
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arsenic, antimony, slver, and gold. A sample of pyrite-
bearing volcanic rock collected at site 232 contained anom-
aous concentrations of cobalt and nickd. The inferred
extension of the west Kukak Bay pluton south and west
beneaththe Aleutian Range crest impliesthat geologic con-
ditions are favorable for additiona hydrothermally atered
rock there. Goldfarb and others (1988) identified thisareaas
favorable for undiscovered precious-metal-bearing epither-
ma quartz veins, but we havereclassified them as precious-
metd-rich polymetallic veins because of the presence of
intrusve rocks associated with these geochemica
anomalies.

KULIAK BAY-KATMAI R VERSUBAREA

Geochemicd data for the SS and NMHMC samples
fromthecoasta part of t he Barrier Rangeareaidentify drain-
age basinsthat commonly contain anomal ousconcentrations
of Co, Ag, Zn, and Mo. Anomalous concentrationsof Pb,
Cu, or Ni are less common, and As, Bi, Sn, or Cd were
present in a few samples (Church and Arbogast, 1989;
Church, Bailey, and Riehle, 1989; Church and Motooka,
1989). Minerdogicd studies of the NMHMC samplesindi-
cate that sphalerite was common whereas pyrite, chacopy-
rite, molybdenite, and arsenopyrite were less commonly
observed. Cinnabar was identified in five drainage basins
and gdenain one (Goldfarb and others, 1988; Church and
Bennett, 1989).

Hoa samples of volcanic and sedimentary rocks (sites
276-279; table 17), aswed| assamplesfrom the Tertiary plu-
ton (Ti), contained anomalous concentrationsof Ni, Co, Cu,
Zn, Pb, As and Mo. Both disseminated pyrite and radid
pyrite- and sphalerite-bearing quartz veins are present in
zonesof propyliticaterationin and adjacent to the Tertiary
pluton. At site267, just north of Painted Mountainon Soluka
Creek, zonesof propylitically dtered volcanic rock contain-
ing disseminated pyrite contained anomal ous concentrations
of Zn, As, Co, Cu, Mn, Pb, Cr, Ni, Mo, and Bi. These data
indicate that the zones of propylitic alteration exposed near
plutonsin the southern part of the Barrier Range are favor-
ablefor undiscovered polymetallicveins.

Samples of Tertiary conglomerate and sandstonefrom
ste255in theKuliak Bay areacontained anomal ousconcen-
trationsof manganese, cobalt, lead, and gold (table 17). All
of the sedimentary rock samples from this site have Fe-
oxides in the matrix. On the basis of the geologic observa-
tionsat thislocality, weinterpret the geochemica anomalies
a ste 255to be synsedimentary in origin.

The NMHMC samples from five drainage basins
between Amalik Bay and the mouth of the Kama River
contained cinnabar (Goldfarb and others, 1988; Church and
Bennett, 1989). All of thesedrainagebasinsare underlainby
sedimentary rocks, some of which are now hornfels, and
have been cut by dikes (Td) or by faults. A sedimentary rock
sample (site 280) contained anomalous concentrations of

Mo, As, Sb, Bi, and Hg (pls. 2 and 3). Goldfarb and others
(1988) suggested that this areais favorable for the occur-
renceof undiscovered precious-metd-bearing hot-springsor
epithermal quartz-vein deposits.

KATMAI LAKES-HAGELBARGERSPASS~
DAKAVAK LAKE SUBAREA

In this subarea, north of Dakavak Bay, we identified
threelocdlitiesthat arefavorablefor the occurrenceof epith-
ermd quartz veins. the Katmai L akes, Hagelbargers Pass,
and Dakavak Lakelocdlities. All threelocalities are charac-
terized by zones of banded quartz veins that strike gpproxi-
mady northwest. In the SS ard NMHMC samples from
these subareas, anoma ous concentrationsof Co, Zn, Ni, and
Cu were common and anomal ous concentrationsof Pb, Mo,
Sh, As, Sb, Bi, Cd, or Ag were less commonly observed
(Church and Arbogast, 1989; Church, Bailey, and Riehle,
1989; Church and Motooka, 1989). Pyrite and chal copyrite
were abundant, and sphalerite, arsenopyrite, and wulfenite
wereidentifiedin the NMHMC samplesfrom specificlocal -
ities (Church and Bennett, 1989).

Altered volcanic rocks (Tab) from the Katmai Lakes
locdlity are cut by quartz veins (sites 234-236; geochemica
datagiven in table 17). These samplescommonly contained
anoma ousconcentrationsof Ag, As, and Zn, and, lesscom-
monly, of Mo, Au, Bi, Sb, or Hg. Propylitically altered vaol-
canicrock and float samplesfrom the Katmai Lakeslocality
contained both oxidized, disseminated pyrite as wel as
pyritein thin quartz veins. No followup work was done at
thislocality.

At the Hagelbargers Pass locality, reconnaissance
geochemicad samples from drainage basins near Stes
237-238 showed cons stent anomaliesof arsenic, silver, and
copper. Altered and fractured lavaflowsand tuffsare cut by
northwest-trending quartz veins and ar e marked by a promi-
nent color anomay. Samples of the quartz vein collected
dongashort traverse(site 238, sampleK3619) at theHagel-
bargersPasslocality wereconsistently anomaousin Ag, As,
Mo, Sh, and Au. Gold has a maximum detected concentra-
tion of 22 ppm; most vein samplesrange from 0.15 to 045
pprn Au. Individua sulfide-richbands withinthequartz vein
range in thicknessfrom 1 to 5 mm; samples of the quartz
vein were as much as 10 cm thick. Pyrite and jordisite (5-
micron grainsof amorphousMoS,) wereidentifiedin thinly
banded, fine-grainedquartz veins that were later brecciated;
kaolinite and smectite were identified in the quartz vein by
meansaof X-ray diffraction. Semiquantitativeemissi on spec-
trographicanaysisof the jordisite-bearingquartz vein gave
the following results: 7,000 pprn Fe, 300 pprn As, 200 pprn
Mo, 50 pprn Sn, 100 pprn Cu, and 3 pprn Ag. Stilbite, kaolin-
ite, and quartz also were observed on late-formed fractures
that cut the quartz veins and postdate the brecciation event.
In this later stage vein, we detected 20,000 pprn Fe, 1,000
porn As, 100 pprn Sh, 50 pprn Mo, 15 pprn Cu, and 2 pprn
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Ag. Additiona outcropsaf thequartz vein were sampled 05
km away (site 238, sample K3620), indicating that the vein
iscontinuousover that distance. Samplesof atered volcanic
rock cut by quartz veins that were collected from sites
239-242 (table 17) dlso have a smilar geochemica signa
ture (pls. 2and 3).

Geochemical datafor samplesof quartz veins that cut
dtered volcanic rocks at the Dakavak Lake locdlity (sites
264-266), as well as float samples collected from the
dreamsdraining south into Dakavak Lake (Sites 262, 263,
and 265), al soshow asimilar geochemica signature(As, Zn,
Mo, Ag, and Au). Subhorizontally bedded volcanic flows
and tuffs were intruded by sills and dikes. These dikes and
sills are cut by northwest-trending quartz veins and by
younger, unatered dikes. Both X-ray and optical minera
identificationsshow that the volcanic rocks are moderately
tointensdly atered to propylitic, argillic, phyllic, and potas-
sc minerd assemblages. Samples of quartz veins collected
dong a 2-km traverse in dtered volcanic rocks (unit Tab;
site 264) within one of the areas marked by a color anomaly
contained asmuchas5 ppm Au, the highest concentration of
gold found in bedrock samples from the Katmai study area
(@l 3).

The presence of molybdenum, seen in epitherma
quartz vein samples from al of these sites, is unusud. We
uggest that these quartz veins may represent a shalow
expresson of an undiscovered low-fluorine porphyry
molybdenumdeposit. At the Mike prospect, in the Ugashik
quadrangle, aporphyry Mo depositin Fliocene rocks (2.8-4
Ma, Wilson and Shew, 1988) was described (Church,
Frisken, and Wilson, 1989; Church, Detterman, and Wilson,
1989) that contained anoma ous concentrationsof Cu, Mo,
Pb, Zn, Ba, Au, and Ag. Lead and zinc are found primarily
in the outer sericitic ateration hao that surrounds the Mike
prospect. Pyriteisaoundant in theore zone, and fine-grained
molybdeniteoccursa ong smdl quartz-filled fracturesform-
ing stockworks. Likewise, the Cape Kubugakli prospect,
whichisonly 35km south of the HagelbargersPasslocality,
ischaracterizedby Cu, Mo, Pb, Zn, Ag, and Au anomaliesin
dike and vein samples (Wilson and O’Leary, 1986, 1987).
Unlike the Cape Kubugakli prospect, however, no sulfosalt
minera swere noted in our fieldinvestigations. Church, Det-
terman, and Wilson (1989) classified the Cape Kubugakli
prospect as a polymetallic-vein deposit, but noted that
molybdenumwas usualy not found in other depositsthet are
included in this minerd deposit modd (Cox, 1986f).

The mineralogy and morphology of the vein samples,
and the alteration assemblage from the Hagelbargers Pass
locality, also bear some similarity to those described by
Kimura and others (1976) for the Endako porphyry Mo
depost. Thin, brecciatedand annedl ed quartz veinsare com-
mon; the sulfide minerals at Endako are pyrite and fine-
grained molybdenite. Quartz-pyrite-sericite and quartz-
kaolinite are prominent alteration assemblages a Endako. A
shdlow expressionof such asystem, however, has not been

described. On the basisof thermodynamic studiesof hydro-
therma systems, Bowers and others (1984, p. 2) indicated
that the minera assemblagequartz-| aunontite-kaolinite or
laumontite-kaolinitewill coexist with quartz in a chloride-
rich hydrothermd fluid at atemperatureof 150" C and 5 bars
pressure. However, at 300" C and 5 bars pressure, the stabil-
ity field of pyrophyllite is significantly larger, and laumon-
titeis replaced by wairakite, which is a calcium and ogue of
andcite. Kaolinite and wairakite would not coexist. Thus,
we suggest that the zeolitedtilbite, which isstructuraly very
smilar to laumontite(the zeolite used to construct the equi-
librium activity diagramsreferenced above) may be alower
temperature phase formed in the near-surface hydrotherma
environment represented by the veins described here.

Finally, additiona geochemica evidence supports our
hypothesis that these veins might represent epithermal
quartz veins above a concedl ed porphyry Mo deposit: sev-
erd of the high-fidd-grength and small-ion-lithophileele-
ments, which one might expect to be concentrated in the
late-magmatic liquidus phase of a low-fluorine porphyry
Mo magma (Westra and Keith, 1981), are also present in
these samples, but are significantly diluted by quartz. We
emphasize the geochemica suite of metas rather than the
elementa concentrations present. Boron ranged from 10 to
70 ppm, titanium ranged from 1,000 to 7,000 ppm, and zir-
conium ranged from 50 to 500 ppm; no beryllium, niobium,
or tin were detected in the bulk sampleof the vein system,
but tin was detected in the jordisite-bearing bands within
these quartz veins. Barium ranged from 50 to 700 ppm,
manganese ranged from 100 to 1,000 ppm, and vanadium
ranged from 30 to 200 ppm (Riehle and others, 1989). The
dements Cu, Mo, Pb, Zn, Au, and Ag are the base- and
precious-metal suite associated with low-fluorine porphyry
Mo deposits (Theodore, 1986) such as Endako, and the
Mike prospect. Argentiferous tetrahedrite, such as that
found & Cape Kubugakli (Smith, 1925, p. 207), is dso
indicated as an accessory sulfide phase associated with
some examples of the low-fluorine porphyry Mo minerd
deposit modd (Theodore, 1986). We suggest that these
quartz veins may be indicative of undiscovered low-fluo-
rine porphyry Mo deposits a depth in the Barrier Range
areaof the Katma study area.

KEJULIK MOUNTAINSAREA

The Kgulik Mountainsareaiis underlain by latest Ter-
tiary and Quaternary volcanic rocks(QTac, QTap) extruded
on sandstone and siltstone of the Naknek Formation (Jn).
Stream-sediment and NMHMC data indicate anomaous
concentrationsof Cu, Mo, Pb, Zn, Ag, Cd, and Ba (pl. 1,
Church and Arbogast, 1989; Church, Bailey, and Riehle,
1989; Church and Motooka, 1989). Anoma ous concentra
tions of copper, molybdenum, silver, and lead were aso
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Table18. Geochemical and geologicdatafor selected samplesfromthe Kegjulik Mountainsarea, Katmai study area, Alaska.

[Samples listed here have concentr ationsthat exceed the 95th per centilefor ther espectivelithologicunitsas defined in table4. " SteNo." isthelocality shown on plates1-3;
map unit symbolsarethose on the geologicbase map on plates1-3. An "X" in columnsheaded " Vein," “Frac,” ar “Alt” indicatesthat veins, fracturefill, and(ar)
hydrothermally altered rock, including color anomaliescaused by the oxidation of sulfideminerals,wereobserved at the samplesite; “Int” indicatesthat thesampleisan
intrusiverock, or that thereisasill, dike, or pluton exposed nearby. “Lith" indicatestherock typeof the sample: 1, sandstonear siltstone; 2, conglomer ate; 3, voleaniclastic

Site  SampleNo. Map Mn Cr Ni Co Cu Mo Sn Pb Ag Bi Zn a

No. unit
284 83DT031 Jn — -— 70 — — - - -— - -— 130
285 K3623RA  Jn 2,000 - SO 100 2 — — — 120 02
285 K3623RC Td 2,000 - 50 — 50 - - -— 18 140 13
286 K3624RA  Un 2,000 200 50 — — — —— - - - 65 2
287 K0239RC *) 5,000 - - - - - - 30 - - - -
288 85DT189 Jdn - - - -— -— - - - -— - 70 -
288 K2066 ™ -— 70 - - - 15 - - — - - -
289 85IM137 QTac 1,500 -— - - - - - - - - 90 -
289 85YB213 QTac 1,500 -— - -— - - - -~ - - - -
290 K4059RB ™ - - - - 10 - - - - - -
291 K0219RB ™ 2,000 - - - 150 100 20 70 - - 200 2
292 K3625RC  Jn 5,000 — 50 300 - 150 2.7
202  K3625RD  QTac 150 50 50 100 10 150 8
293  84DTI30  QTac —_ e 7 - -
204  KO218RB (%) - 1 160 -
295 84DT133 Jn — - — 05 - -

reported for the Kgulik Mountainsin the Karluk quadrangle
immediately to the south (Church and others, 1988; Frisken
and others, 1988). Pyrite, chd copyrite, barite, and sphalerite
were observed in the NMHMC samples (Church and Ben-
nett, 1989; Frisken, Church, and Willson, 1988). This
geochemicad anomaly isin the headwatersof drainagebasins
that surround an exposed volcanic plug. Samplesof bleached
and dtered sltstone of the Naknek Formation (sites291 and
292; geochemica data given in table 18) contained anoma:
lousconcentrationsof Cu, Mo, Zn, Cd, Co, and Mn. Single-
dement anomalies of Pb, Sn, As, Sb, Cr, or Ni were also
found (pls. 1 and 2). Andysesdf altered volcanic and sedi-
mentary rock samples, as well as float samples (sites 290,
293-295, table 18) show that these rocks contained anoma:
lous concentrationsof molybdenum, arsenic, silver, or mer-
cury. We interpret the geologic and geochemicd data to be
favorablefor undiscoveredpolymetallicveinsor aconceded
porphyry Cu deposit emplaced just below the volcanic plug.

SUMMARY

Minerdized areas on the AlaskaPeninsula, chiefly epi-
thermd quartz and polymetallic veins associated with por-
phyry Cu and porphyry Cu-Mo deposits, have long been
recognized. Hollister (1978, p. 72-73) summarized pub-
lished geol ogicdescriptions for eight porphyry Cu and por-
phyry Cu-Mo occurrenceson the AlaskaPeninsulasouth of
Iliamna Lake. Minerd resource gppraisals in the Chignik

and Sutwik Idand quadrangles (Cox and others, 1981) and
the Ugashik and Karluk quadrangles (Church, Detterman,
and Wilson, 1989), immediately south of the Katmai study
area, also ddlineated additional areas on the Alaska Penin-
sulathat have potentia for undiscovered porphyry Cu, por-
phyry Cu-Mo, porphyry Cu-Au, porphyry Mo, polymetallic-
vein, and epithermal quartz-vein deposits.

Geochemical anadlyses of the stream-sediment and the
nonmagnetic heavy-minerd concentratescollected from the
Mount Kamai, western Afognak, and eastern Naknek
quadrangles delineate severd areas where these same
geochemica suites were found. Aress that have potentia
for undiscovered porphyry Cu and porphyry Cu-Mo depos-
its have been delineated on the basis of geochemica anom-
dy patterns of Cu-Mo-Sn-W and Pb-Ag-Zn-Cd-Bi-As in
dream-sediment and nonmagnetic heavy-minerd concen-
trates as wdl as anomalous concentrations of these same
metdsin bedrock samples (pl. 1). Areasthat have potentid
for undiscovered polymetdlic-vein deposits have been
delineated on the basis of geochemica anomaly patterns of
Cu-Pb-Ag-Zn-Cd-Bi-As in gtream-sediment and nonmag-
netic heavy-minerd concentratesas well as anomalous con-
centrationsaf these same metasin bedrock samples (pl. 2).
Aress that have potential for undiscovered precious-metal-
bearing polymetallic and epitherma quartz-vein deposits
have been evauated on the basis of geochemica anomay
paterns of Mn-Au-Ag-Hg-Sb-Asin stream sediment and
nonmagnetic heavy-mineral concentratesas well as anoma:
lous concentrations of these same metas in bedrock
samples (pl. 3).
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rock a tuff; 4, lavaflow; 5, sill or dike; 6, plutonicrock; 7, metamor phosed rock/protolith; 8, limestone; and (*), float sample. Mineralogy is generally based upon field
identificationsof hand specimens: py, pyrite; cpy, chalcopyrite; as, arsenopyrite; spl, sphalerite; gn, galena; mly, molybdenite; qtz, quartz; Fe ox., iron oxides; dissem.,
disseminated mineral grains in sample. Dashes(--), concentrationsnot anomalousor featurenct observed; all concentr ationsexpressed in parts per million (ppm); >,

concentrationis greater than reported value]

Ste  SampleNo. Map Au As S Hg Alt  Int Lith Frac Ven Mineralogy and
No. unit mode of occurrence

284 83DT031 Jn - - 1 — - _

2865  K3623RA  Un - 0 - - - X 1 - Dissem.py.

285 K3623RC  Td - - - - X X 5 X Dissem.py in gtz veinsand breccias.

286 K3624RA  Jn 025 -- - 1 - X Pyingtzvens.

287 KO0239RC (%) - 1 - —-- Py incalcitevein.

288 85DT189 Jn — 10 - .- X X 1 — -

283 K2066 ™) - - - — X X 5 = Dissem.py.

289 85IM137 QTac -~ — - 016 -~ - 4 -— -

280  85YB213  QTac 14—~ - 4 - -

290 K4059RB (%) - 300 - - R — 4 X Feox.inqtzveins.

21 KO0219RB  (*) 20 4 X - 4 - -~ Py inoxidized breccia.

292 K3625RC  Jn X X 1 - -~ Dissem.py.

202  K3625RD QTac - _— e e X X 5 X Py inqtzveins.

23 84DT130 QTac . o . — — 4 -

294 K0218RB ®*) - 10 — A X - 4 - Fe ox.-stainedbreccia.

295 84DT133 Jn - — — - - -- 1 - -

Wefound no compelling geol ogicand geochemicd evi-
dence suggesting the presence of undiscovered Kuroko-type
massivesulfidedepositsin therocksof the TalkeetnaForma-
tion, such as the Johnson River deposit in the Iliamna quad-
rangle. Wefoundlittleevidencefor undiscoveredcopper-rich
iron-skarndeposits, such as the Crevice Creek occurrencein
thelliamna quadrangle or theKasnaCreekdepositin theL ake
Clark quadrangle; however, the Granite Creek site warrants
further evaluation. Wefound only sparse evidence of miner-
alization associated with the Jurassic intrusive rocks of the
Alaska—Aleutian Range batholith in the Katma study area.

Geologic and geochemical datafor the Buttress Range
definea smal, poorly exposed porphyry Cu-Mo occurrence
in the Margot Creek drainage that is associated with aTer-
tiary(?) pluton. Geol ogic and geochemical dataoutline addi-
tional areas that have potentia for concealed, undiscovered
porphyry Cu depositsin theareasouth of Fourpeaked Moun-
tain and north of the Big River, and in the Ikagluik Creek
drainage basin. Geologic and geochemical data aso define
aress that have potentia for undiscovered porphyry Cu
depositsin the Kgulik Mountains and the Kulik Lake area.
Geologic and geochemical data for the Barrier Range area
have been interpreted to suggest that the area has potentia
for concealed, undiscovered low-fluorine porphyry Mo
deposits. Findly, the geochemica data for the Sugarloaf
Mountain areais very smilar to that reported for the Pebble
Beach porphyry Cu-Au deposit (Danielson, 1991) and sug-
gest that this areamay have potential for undiscovered por-
phyry Cu-Au deposts. In dl cases, the areal extent of the
geochemica expresson of these exploration targets is

smdler than that associated with undiscovered porphyry
deposits sited farther south on the Alaska Peninsula, which
suggests that they are either smaller in size or are more
deeply buried.

Geologic and geochemical data define areas favorable
for undiscovered base- and precious-metd-bearingpolyme-
tallic-vein deposits throughout much of the Katmai study
area Polymetallic veins have been noted in the Kulik Lake
areg, the lkagluik Creek drainage basin, the Fourpeaked
Mountain area, and the Barrier Rangearea. In addition,areas
having favorable geologic and geochemical characteritics
for undiscovered polymetallic-veindepositsare found in the
Kukak Bay area, the Kgulik Mountains, and the Ninagiak
River area

Geologic and geochemica data also define severd
areas favorable for undiscovered epithermal quartz-vein
deposits. Gold-bearing, pyritic quartz veins were found at
HagelbargersPassin the Barrier Range. Additional explora-
tion targets for gold-bearing quartz vein deposits may be
present in the Katmai Lakes—Hagelbargers Pass—-Dakavak
Lake areaand in the Sugarloaf Mountainarea. Many of the
Quaternary volcanic centers are al so favorable for undiscov-
ered gold-bearing quartz veins deposited by hot springs as
evidenced by limited work near Mount Mageik. Geochemi-
ca datafor the rootless fumaroles within the Valey of Ten
Thousand Smokesand at Novarupta (Keith,1984,1991) also
have an epithermalquartz-vein signature smilar to that
associated with dacitic domes that crop out elsewhere in
cac-adkaine volcanic arcs (Cunningham and Ericksen,
1991). However, the short duration of the eruption and the
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hydrothermal activity a Novarupta suggest that it isunlikely
that a hydrotherma deposit formed asaresult.
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