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DEDICATION TO DAVID ALT

Volume 44 of Northwest Geology is dedicated to David Alt, one of this 
publication’s early editors and an inspirational and imaginative geologist. 
David Alt held court at the University of Montana Geology Department for 
several decades where he taught introductory geology courses. His mes-
merizing approach to teaching geologic processes is legendary—no one 
dozed off during Doctor Alt’s lectures. During and after his tenure at U of 
M, Dave co-authored (with Don Hyndman) several volumes of the Road-
side Geology series, which continue to captivate anyone inclined toward 
geologic study.

One of Dave’s great contributions to modern geology was his under-
standing of the sometimes passive, sometimes cataclysmic processes asso-
ciated with Glacial Lake Missoula (GLM). Through his own research and 
that of his graduate students, Dave unraveled an astounding story expressed 
in the distinctively layered GLM silts. His theory of ice-dam thinning and 
rupture continues to be 
the accepted mechanism 

for the catastrophic fl oods that formed many of the GLM 
features we can see today. Dave summarized these ideas in 
his book “Glacial Lake Missoula and its Humongous Floods.” 
The Preface to the book provides an enduring perspective on 
how any scientifi c investigation should be conducted.

Dave was also a leading proponent of the idea that meteor-
ites were signifi cant players in Earth’s geologic evolution. His 
published papers produced Hurrahs and Boos in the geologic 
community—such ideas bring energy to geologic study. 
Dave’s ideas may have been Far Out, but they may also prove 
to be correct.

He was Older than Dirt and left us in the Spring of 2015.

Dave Alt and Don Winston. Cartoon by former UM 
graduate student’s fater.
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package of rocks that underlie most of western Montana. Jeff started his career as an exploration and engineer-
ing geologist but found his niche–mapping Mesoproterozoic Belt rocks in physically challenging, remote areas 
of Montana–when he went to work for the Montana Bureau of Mines and Geology (MBMG) in 1992. In his 23 
years at the MBMG, Jeff has published over 30 geologic maps and related reports, mentored students, directed 
the MBMG’s bedrock mapping program in western Montana, and jointly established ongoing, collaborative 
mapping projects with the Idaho Geologic Survey.

Jeff has distinguished himself with his research on Belt rocks in Montana and Idaho. In recent years, Jeff 
and his colleagues at the Idaho Geological Survey have focused on the ambitious task of resolving stratigraphic 
and structural relations between the Belt Supergroup rocks in Montana and similar rocks of the Lemhi Group in 
Idaho. This research and mapping has resulted in signifi cant revision of many of the regional stratigraphic and 
structural concepts of these rocks that span the mutual state border. 

Jeff’s accomplishments as a fi eld mapper go well beyond his work on the Belt. He was involved in recog-
nizing and mapping the Anaconda Metamorphic Complex and has completed maps along a large part of the 
Lewis and Clark Line. This work signifi cantly contributes to understanding the tectonic history of western 
Montana. Jeff has also mapped surfi cial deposits in the rapidly developing Bitterroot and Gallatin valleys, maps 
that will have enduring practical value as these areas continue to grow. 

Jeff is a long-time supporter of TRGS. Since 1984, he has contributed over 20 papers, talks, and fi eld trip 
guides, including his unique fl oat-trip logs for sections of the Yellowstone and Clark Fork Rivers. In 2013, he 
was co-organizer of the joint Belt Symposium–TRGS meeting. Jeff also serves on the board of directors of the 
Belt Association.
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TAXONOMY AND BIOSTRATIGRAPHY OF THE MAMMALIAN FAUNA FROM THE 
CABBAGE PATCH BEDS (RENOVA FORMATION): AFFINITIES WITH ARIKAREEAN 
FAUNAS OF THE GREAT PLAINS AND OREGON

Johnathan J. Calede

University of Washington Department of Biology, Seattle, WA 98195

ABSTRACT

The mammalian fossil record of the Arikareean 
North American Land Mammal “age” is well known 
from the rich fossil assemblages of the Great Plains 
(Arikaree Group, MacFadden and Hunt, 1998) and Or-
egon (John Day Formation, Albright and others, 2008). 
Little work has comparatively been undertaken on the 
fossil record of the Rocky Mountains. Yet, a rich mam-
malian fauna is preserved in the Cabbage Patch beds 
(upper Renova Formation) cropping out in western 
Montana (Rasmussen and Prothero, 2003). It offers a 
window into the composition of the mammalian fauna 
from the region and the opportunity to investigate fau-
nal affi nities across western North America at a time 
of global climatic change and regional environmental 
perturbations (Strömberg, 2005; Zachos and others, 
2008).

The study of over 900 mammalian specimens from 
the Cabbage Patch beds broadly supports an Arika-
reean age for the beds and the division of the beds in 
three biostratigraphic units (fi g. 1, following page) 
suggested by previous work and the molluscan fauna 
(Pierce, 1993; Rasmussen and Prothero, 2003). The 
lower unit of the Cabbage Patch beds is characterized 
by the presence of the rabbits Palaeolagus and Mega-
lagus, the leptomerycid Pronodens and two sciurids 
previously unknown in the area: Miosciurus and Pet-
auristodon. The beaver fauna from the lower Cabbage 
Patch beds is also unique in including two new taxa of 
anchitheriomyine beaver in addition to the well-known 
palaeocastorine Palaeocastor and the basal castorid 
Agnotocastor. Several new taxa of aplodontids, includ-
ing two species of Niglarodon, are also characteristic 
of this unit of the beds. The middle Cabbage Patch 
can be differentiated by the presence of a very abun-
dant and species-rich fauna of entoptychine gophers. 
Indeed, the genus Pleurolicus is represented by three 
different species. The upper unit of the beds also hosts 
a unique set of mammalian taxa including another 

genus of entoptychine gopher, Gregorymys, the basal 
heteromyid Mookomys, and the little known gopher 
Tenudomys as well as the cricetid Leidymys montanus. 

A comparison of the Cabbage Patch faunas with 
contemporary faunas from Oregon and the Great 
Plains suggests complex biogeographical affi nities 
across the western Unites States. The carnivore fauna, 
and specifi cally the presence of Archaeocyon leptodus 
and Cynodesmus thooides, suggests affi nities between 
Cabbage Patch and the Gering and Sharps formations 
of the Great Plains (Wang and others, 1999). The 
rodent fauna from Cabbage Patch, however, suggests 
a more complex pattern with some affi nities with 
the John Day Formation (e.g., aplodontid and entop-
tychine rodents, Miosciurus, Palaeocastor peninsula-
tus, Tedford and others, 2004). A quantitative analysis 
of the composition of mammalian assemblages across 
the western United States supports an east to west 
faunal gradient from the Great Plains to Oregon. The 
geographically intermediate Rocky Mountains ap-
pear to correspond to a zone of faunal mixing between 
Oregon and the Great Plains. The Cabbage Patch beds 
are found to be most similar to the assemblages from 
the Fort Logan Formation of central Montana (Ko-
erner, 1940; Black, 1961; Calede, 2014). Nevertheless, 
the many unique taxa found in the Cabbage Patch beds 
suggest a high degree of endemism with the diversi-
fi cation of taxa rare elsewhere during the Arikareean. 
Future work combining radiometric dating of select 
horizons throughout the beds and the ecological char-
acterization of the small mammals will help under-
stand the tempo and mode of faunal change through-
out the Cabbage Patch beds and the possible drivers 
of faunal turnover through time in this unique region 
during the rise of modern mammalian communities 
(Webb and Opdyke, 1995; Woodburne, 2004).
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USING GRAVITY DATA TO DECIPHER THE STRUCTURAL SETTING OF THE AVON 
VALLEY IN WEST-CENTRAL MONTANA

Leif K. Knatterud,1 Marvin A. Speece,2 Jesse G. Mosolf,3 Catherine McDonald,4 and Xiaobing Zhou5

1Montana Tech, Butte, MT, USA, lkknatterud@mtech.edu; 2Montana Tech, Butte, MT, USA, mspeece@mtech.
edu; 3Montana Bureau of Mines and Geology, Butte, MT, USA, jmosolf@mtech.edu; 4Montana Bureau of Mines 
and Geology, Butte, MT, USA, kmcdonald@mtech.edu; 5Montana Tech, Butte, MT, USA, xzhou@mtech.edu

ABSTRACT

The Avon Valley and adjacent mountains are lo-
cated in west-central Montana and lie within the Lewis 
and Clark Line. The Lewis and Clark Line is a major 
system of WNW-striking faults and folds that transect 
the more northerly structural grain of the northern 
Rocky Mountains (Wallace and others, 1990; Sears 
and Hendrix, 2004). The structure of the northwest-
trending Avon Valley has most recently been inter-
preted as an extensional half graben fi lled with Ter-
tiary sedimentary and volcanic deposits (Schmidt and 
others, 1994). Earlier interpretations show faults on 
both sides of the valley, consistent with a full graben 
(Pardee, 1950; Reynolds, 1979). Recent geologic map-
ping by the Montana Bureau of Mines and Geology 
has identifi ed a system of high-angle, northwest- and 
northeast-striking faults occurring along the margins 
of the Avon Valley, consistent with the interpretations 
of Pardee and Reynolds (McDonald and others, in 
prep). No focused geophysical investigation or bore-
hole data have been previously reported for the Avon 
Valley area, making structural interpretations in this 
region tenuous at best. In this study, the structural 
architecture of the Avon Valley and the thickness of its 
Tertiary basin fi ll are investigated through geophysi-
cal techniques including gravity and seismic refl ection 
profi ling. 

The geologic setting of the Avon area is complex, 
consisting of Mesoproterozoic through Cenozoic 
rocks, Cretaceous intrusions, and unconsolidated 
deposits that record a prolonged history of tectonism 
(McDonald and others, in prep). The eastern Garnet 
Range defi nes the southwest margin of the Avon Val-
ley where Tertiary volcanic and sedimentary deposits 
rest on an unconformity truncating faulted and folded 
Mesoproterozoic–Mesozoic sedimentary sequences. 
These shortening structures are overprinted by a 
system of steeply dipping, northwest- and northeast-
striking faults. A major southwest-dipping normal fault 

or system of faults bounds the northeast side of the 
Avon Valley, placing Tertiary–Quaternary sedimentary 
deposits against folded and faulted Mesoproterozoic–
Mesozoic sequences. Elevated areas of Tertiary volca-
nic and sedimentary deposits unconformably overlying 
Proterozoic–Mesozoic sequences border the northwest 
and southeast margins of the Avon Valley and are pos-
sibly displaced by northeast-striking faults.

New geophysical data collected in this study 
suggest the structural architecture of the Avon Valley 
is more complex than originally interpreted. Steep 
gradients within the gravity data (fi g. 1) highlight two 
structural domains. The domains are separated by a 
high-angle, northeast-striking fault or system of faults 
that bisect the valley. The northern domain is char-
acterized by a full-graben geometry (fi g. 2). Here, a 
previously unrecognized northeast-dipping fault with 
signifi cant normal displacement bounds the southwest 
margin of the basin, generally following the orienta-
tion of the Avon Valley. The northeast-margin of this 
basin has been reinterpreted in this study as a series of 
southwest dipping normal or oblique-slip faults. The 
southern structural domain is more consistent with a 
half-graben geometry (fi g. 3). A northwest-striking 
fault bounds the northeast margin of the basin and 
continues into the northern structural domain. Unlike 
the northern domain, however, no valley bounding 
fault is apparent on the western side of the basin. Pre-
liminary forward models show Tertiary fi ll within the 
valley to reach depths up to 2 kilometers in the north-
ern structural domain (fi g. 2). 

Normal and/or oblique-slip faults characterizing 
the Avon Valley’s structural domains presumably 
formed during regional transtensive shear within the 
Lewis and Clark Line following Cretaceous–-Paleo-
cene transpressive shortening (Sears and Hendrix, 
2004), and are tentatively interpreted to be guided by 
or localized on shortening structures. 
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Figure 1. Gravity contour map of the Avon Valley and adjacent mountains showing the modeled depth-to-bedrock. Lows are shown by the 
negative gravity anomaly (blue).

Figure 2. Interpretive cross section A-A’.

Figure 3. Interpretive cross section B-B’.
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GEOLOGIC SUMMARY OF THE ELLISTON 30′ X 60′ QUADRANGLE, 
WEST-CENTRAL MONTANA

Catherine McDonald, Jesse G. Mosolf, Susan M. Vuke, and Jeffrey D. Lonn

Montana Bureau of Mines and Geology, 1300 W. Park St, Butte, MT 59701, kmcdonald@mtech.edu

INTRODUCTION

The Montana Bureau of Mines and Geology re-
cently completed the Geologic Map of the Elliston 30′ 
x 60′ Quadrangle (McDonald and others, in prep). The 
quadrangle encompasses a geologically complex and 
seismically active part of west-central Montana. It is 
located within the eastern part of the Lewis and Clark 
Line and is within the Montana Thrust-and-Fold belt 
(fi g. 1). The quadrangle is underlain by Mesoprotero-
zoic through Cretaceous sedimentary rocks, extensive 
Cretaceous and Tertiary volcanic rocks, the northern 
edge of the Cretaceous Boulder Batholith, numerous 
smaller Cretaceous and Tertiary intrusions, and Ter-
tiary and Quaternary deposits. The map is the result of 
six years of 1:24,000-scale mapping by MBMG and 

compilation of numerous existing maps. This paper 
provides a brief summary of the geology of the quad-
rangle. 

MESOPROTEROZOIC 
METASEDIMENTARY ROCKS

Mesoproterozoic metasedimentary rocks of the 
Belt Supergroup are the oldest exposed rocks in the 
Elliston quadrangle. The thick (about 8,000 m) Belt 
strata are widespread in the north half of the quad-
rangle (fi g. 2) and include nearly the entire Belt 
Supergroup section (fi g. 3). The Greyson Formation of 
the lower Belt (Prichard Formation correlative) is the 
oldest unit exposed and records deep-water sedimen-
tation. It consists of siltite, argillite, and interbedded 

Figure 1. Regional setting of the Elliston 30′ x 60′ quadrangle.
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Figure 3. Simplifi ed stratigraphic column of the Elliston 30′ x 60′ quadrangle (modifi ed from Vuke and others, 2007).
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quartzite. The overlying Spokane and Empire Forma-
tions (Ravalli Group) are dominantly fi ne-grained, 
thin-bedded argillites and siltites most likely deposited 
on periodically exposed mudfl ats near where distal 
margins of huge eastward-sloping alluvial megafans 
encountered the Belt Sea (Winston and Link, 1993; 
Winston, 2013). During subsequent deposition of the 
Piegan Group, the Belt Sea expanded and deepened, 
although it was still shallow enough that storm waves 
could rework the bottom sediments (Winston, 1986a). 
The Piegan Group includes the carbonate-rich shal-
lowing-upward depositional cycles of the Helena and 
Wallace Formations, but mappers have not recognized 
the Wallace Formation in the Elliston quadrangle. The 
Missoula Group tops the Belt succession with alter-
nating sandy (deposited on vast northward-sloping 
alluvial megafans and fl ats) and muddy (deposited in a 
shallow ephemeral sea distal to the megafans) forma-
tions (Winston and Sears, 2013). 

The Belt strata in the Elliston quadrangle preserve 
evidence of Mesoproterozoic to possibly Early Cam-
brian deformation. The Middle Cambrian Flathead 
Formation unconformably overlies the McNamara 
Formation (upper Missoula Group) in the western part 
of the quadrangle, but overlies the Snowslip Forma-
tion (lower Missoula Group) in the southeastern 
part, and the Spokane Formation (Ravalli Group) in 
the northeastern part. This unconformity documents 
regional-scale deformation of the Belt prior to the 
Middle Cambrian. In the northeast part of the quadran-
gle, mafi c sills that intruded the Belt sediments from 
780 to 750 Ma (Mudge and others, 1982; Burtis and 
others, 2007) may have accompanied this deforma-
tion. In the southeast part of the quadrangle, Mesopro-
terozoic deformation is suggested by abrupt thickness 
changes in Missoula Group strata. Winston (1986b) 
proposed that an east-west striking, down-to-the-north 
Mesoproterozoic growth fault, the Garnet Line, result-
ed in a thickened section to the north. The proposed 
Garnet Line crosses the Elliston quadrangle and will 
be examined on a 2015 TRGS fi eld trip (Lonn, this 
volume).

PALEOZOIC AND MESOZOIC 
SEDIMENTARY ROCKS

Paleozoic and Mesozoic sedimentary rocks are 
widely exposed in the southern part of the Elliston 
quadrangle and are deformed by north-northwest 

trending folds (fi g. 2). Mesozoic rocks are also found 
in the footwall of the Eldorado Thrust in the northeast 
corner of the quadrangle. The Paleozoic sedimentary 
section includes Cambrian, and Devonian through 
Permian rocks (fi g. 3); Silurian and Ordovician strata 
are missing. The upper Cambrian, Devonian, and 
Mississippian strata are mainly marine carbonates; the 
other Paleozoic units are dominantly terrigenous sedi-
ments. 

Mesozoic rocks include Jurassic and Cretaceous 
marine and non-marine sedimentary rocks deposited in 
the foreland of the Rocky Mountain Thrust-and-Fold 
belt. In the southwestern part of the quadrangle, Cre-
taceous sediments of the Colorado Group (Blackleaf 
through Carter Creek Formations, fi g. 3) were depos-
ited in the Garrison Depression, a deep basin that has 
the thickest accumulation (from 3,000 to 4,500 m) 
of Colorado Group strata in Montana (Gwinn, 1960; 
O’Brien, 2000). The Colorado Group thins to the east 
to about 410 m in the northeast corner of the quad-
rangle (Bregman, 1981). 

The youngest Mesozoic sedimentary rocks in the 
quadrangle are Cretaceous volcaniclastic sediments of 
the Golden Spike Formation, in the southwest corner 
of the quadrangle, and the Two Medicine Formation in 
the northeast corner. 

INTRUSIVE ROCKS

The oldest intrusive rocks are Neoproterozoic 
diorite and gabbro sills in Belt Supergroup rocks. 
The mafi c sills are thought to be a component of the 
Gunbarrel Large Igneous Province (Harlan and others, 
2003). A sill from the Lewis and Clark Range north of 
the Elliston quadrangle yielded a K-Ar age of 750 ± 
25 Ma (Mudge and others, 1968).

The most widespread intrusive rocks are Late Cre-
taceous plutonic rocks of the Boulder Batholith (fi g.2) 
that were emplaced from 82-74 Ma (see du Bray and 
others, 2012 and references therein) into folded and 
faulted Mesoproterozoic to Mesozoic sedimentary 
rocks and into the cogenetic Late Cretaceous Elkhorn 
Mountains Volcanics. The Butte Granite, which forms 
the main body of the Boulder Batholith, was em-
placed from ~76 to 74 Ma (du Bray and others, 2012). 
The Unionville Granodiorite, located along the north 
margin of the Boulder Batholith, is an older pluton 
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emplaced about 78 Ma (du Bray and others, 2012). 
Farther north, several granodiorite satellite stocks, 
including the Marysville, Scratchgravel Hills, Black-
foot City, Granite Butte, Dalton Mountain, and Og-
den Mountain Stocks, with reported ages of 81 to 76 
Ma, also preceded emplacement of the Butte Granite 
(Schmidt and others, 1994; du Bray and others, 2012). 
Several small gabbroic intrusions of undetermined age 
are located near the head of Washington Creek east of 
the Avon Valley. 

Tertiary sills, dikes, and small intrusive bod-
ies with compositions ranging from trachydacite to 
rhyolite are common throughout the quadrangle where 
they intrude the Eocene-Oligocene volcanics and 
older underlying rocks. The Silver Bell Stock, located 
south of Lincoln, has reported K-Ar dates on biotite 
of 48.1±1.8 Ma (Daniel and Berg, 1981) and 52.0±1.8 
Ma (Schmidt and others, 1994). The stock is adjacent 
to the Crater Mountain Volcanic fi eld (Melson, 1964; 
Parker, 1995) and may have been a precursor to that 
eruptive cycle. 

Gold, silver, lead, zinc, and other mineral deposits 
are associated with many of the Tertiary and Creta-
ceous intrusive bodies in the quadrangle. 

EXTRUSIVE VOLCANIC ROCKS

Extrusive volcanic deposits and associated hyp-
abyssal intrusions occur throughout the Elliston quad-
rangle (fi g. 2) and record signifi cant intervals of Late 
Cretaceous, Eocene, and Oligocene volcanism (fi g. 
3). These pulses of volcanism spanned major changes 
in the Elliston region’s tectonic setting as Late Creta-
ceous-Paleocene transpressive shortening ceased and 
transtensional deformation began as discussed below.

The Late Cretaceous Golden Spike Formation, 
Elkhorn Mountains Volcanics, and Two Medicine 
Formation (Kv on fi g. 2) contain the oldest extrusive 
rocks exposed in the quadrangle. The Elkhorn Moun-
tains Volcanics and Golden Spike Formation are the 
most extensively exposed Cretaceous volcanic units 
and occur only in the southern part of the quadrangle 
where they rest unconformably on Paleozoic through 
Late Cretaceous sedimentary and igneous rocks. The 
volcanism recorded by these units was comagmatic 
with the Boulder Batholith (Smedes, 1966), and 
largely occurred during Late Cretaceous-Paleocene 

crustal shortening (Sears and Hendrix, 2004). The 
Golden Spike Formation near Garrison is composed 
of alternating andesitic fl ows and tuffs; volcaniclas-
tic sandstone and diamictite; and non-volcaniclastic 
pebble conglomerate, siltstone, and mudstone (Gwinn, 
1961; Gwinn and Mutch, 1965). Intervals of the 
Golden Spike Formation intertongue with the Elkhorn 
Mountains Volcanics east of Garrison. The base of 
the Elkhorn Mountains Volcanics is characterized by 
andesitic lava fl ows with minor volcaniclastic intervals 
(Peterson, 1985), whereas the overlying stratigraphy is 
dominated by crystal-rich ash-fl ows intercalated with 
minor andesite lavas (Berg, 2009; Derkey and others, 
2004). Radiometric age data are sparse for Cretaceous 
volcanic and volcaniclastic deposits in the Elliston 
quadrangle, but a suite of U-Pb ages obtained from 
the Elkhorn Mountains Volcanics outside the Elliston 
quadrangle range from 82-74 Ma (Ihinger and others, 
2011). A distinctive set of Late Cretaceous potassic 
pyroxene andesite and/or diorite dikes and sills (Ki 
on fi g. 2) locally intrude the Golden Spike Formation, 
Elkhorn Mountains Volcanics, and underlying Pha-
nerozoic formations (Sears and others, 1998).

Tertiary volcanic and volcaniclastic rocks exposed 
throughout the Elliston quadrangle rest on a regional 
unconformity that truncates faulted and folded Me-
soproterozoic through Late Cretaceous rocks (Tv on 
fi g. 2). Tertiary volcanic rocks are locally tilted and 
displaced by oblique-slip faults presumably formed 
during regional transtensive deformation as discussed 
below. The most geographically widespread outcrops 
of Tertiary volcanic rock occur in the Avon, Garnet 
Range, and Crater Mountain volcanic fi elds (Call-
meyer, 1984; Parker, 1995; Trombetta, 1987). Each of 
these volcanic fi elds shares a strikingly similar vol-
canic stratigraphy that can be mapped and correlated 
throughout the Elliston quadrangle (McDonald and 
others, in prep). A series of aphanitic and porphyritic 
trachydacite fl ows interlayered with minor dacitic tuff 
deposits and rhyolite lava are the oldest units exposed 
and yielded U-Pb zircon ages spanning 47.55 to 46.01 
Ma (McDonald and others, in prep). Rhyolite lavas 
and ash fl ow deposits (40.8 to 39.24 Ma) overlie the 
older Eocene volcanic units in the Avon and Crater 
Mountain volcanic fi elds. Isolated exposures of basal-
tic andesite lavas (37.3 to 29.95 Ma) are the youngest 
extrusive rocks exposed in the Elliston quadrangle. 
These fl ows are locally intercalated with the Climbing 
Arrow Member of the Renova Formation. 
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TERTIARY SEDIMENTARY ROCKS

Tertiary sedimentary rocks underlie the major 
valleys in the Elliston quadrangle (fi g. 1) and occur as 
isolated deposits (not shown on the simplifi ed geologic 
map) in the Garnet Range and in the Mullan Pass area 
north of Elliston. The stratigraphy of the Tertiary de-
posits is similar to that in other western Montana val-
leys with Paleogene/early Neogene Renova Formation 
unconformably overlain by Neogene Sixmile Creek 
Formation. Vertebrate fossils (Konizeski, 1961, 1965; 
Rasmussen, 1977; Trombetta and Berg, 2012) and 
stratigraphic position of the deposits relative to newly 
dated volcanic rocks in the quadrangle (McDonald and 
others, in prep.) indicate age equivalence to similar 
Tertiary units in other western Montana valleys.

The Eocene Climbing Arrow Member of the 
Renova Formation is equivalent to the Douglass Creek 
beds, named for Douglas Creek in the Helmville area 
(Konizeski, 1961, 1965) and to the Blackfoot City 
beds in the Avon area (Loen, 1990). It is dominantly 
bentonitic mudstone and pebble beds, with subordi-
nate carbonaceous shale, and lignite.

The Miocene/Oligocene Cabbage Patch beds 
(Konizeski and Donahoe, 1958) of the upper Renova 
Formation (Rasmussen, 1989) are best exposed on 
Antelope Hill in the central Avon Valley where they 
overlie the Climbing Arrow Member (McDonald and 
others, in prep.) and in the Gold Creek area where they 
are overlain by Sixmile Creek Formation equivalents 
(Loen, 1986). The Cabbage Patch beds consist primar-
ily of siltstone with sandstone lenses, marlstone, lime-
stone, local gastropod coquina, ash, and porcellanite. 

Isolated exposures of lacustrine Cabbage Patch 
beds in the Garnet Range are similar to deposits in 
the adjacent Avon/Nevada Valleys. Likewise, lignitic 
Climbing Arrow Member is preserved at Mullan Pass 
and in the Avon Valley. The similarity of these lowland 
deposits in the present-day mountains and valleys sug-
gests that the ranges were not positive elements at the 
time of deposition.

A widespread middle Miocene unconformity, rec-
ognized in other western Montana valleys, separates 
the Renova Formation from overlying Sixmile Creek 
Formation. The Sixmile Creek is composed of tuffa-
ceous siltstone with abundant local to laterally per-

sistent, mostly matrix-supported, granule to boulder 
lenses. It is lithologically similar to the Sixmile Creek 
Formation in the Drummond and Townsend Valleys, 
southwest and southeast, respectively, of the Elliston 
quadrangle. 

An extensive, matrix-supported gravel with abun-
dant subangular to subrounded boulders is preserved 
along range-front faults on the northeast side of the 
Avon Valley, the southwest side of the Nevada Valley, 
and as higher remnants. Loen (l990) suggested a late 
Miocene(?) age for the deposits in the Blackfoot City 
area and interpreted them as alluvial fans. Channel 
deposits within these fans have been mined for placer 
gold.

QUATERNARY DEPOSITS

Most Quaternary deposits in the Elliston quad-
rangle are in the Cenozoic valleys. Surfi cial deposits 
in the eastern valleys are dominantly silt, sand, and 
gravel deposited on alluvial plains and pediments, 
and as alluvial fans. Glacial deposits associated with 
Pinedale and Bull Lake(?) ice caps, located primarily 
north and south of the quadrangle, extend into the Lin-
coln and northern Nevada Valleys, and the upper Little 
Blackfoot River drainage (Witkind and Weber, 1982; 
Ruppel, 1963; Wittkop, 2009). Remnants of mountain 
glacial deposits occur along the Continental Divide 
between MacDonald Pass and the Lincoln Valley. A 
dissected outwash fan covers a large area of the central 
Avon Valley, and glacial outwash underlies part of 
the Tenmile Creek drainage. Glacial deposits are also 
present in the Gold Creek Valley in the southwestern 
corner of the quadrangle. 

Pediments are well developed on Tertiary deposits 
in the Avon, southern Nevada, and Gold Creek Valleys 
and are mantled with gravel, lag, and regolith deposits. 
In the western part of the quadrangle numerous land-
slide deposits occur, mostly in the Renova Formation 
and volcanic rock. 

STRUCTURAL GEOLOGY AND 
TECTONICS

The dominantly WNW-striking structural grain 
in the Elliston quadrangle records a complex tectonic 
history associated with the long-lived Lewis and Clark 
Line (LCL), a major WNW-striking crustal-scale shear 
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zone transecting the more northerly oriented structural 
grain of the northern Rockies (Sears and Hendrix, 
2004). Deformation along and adjacent to the LCL has 
been varied and episodic from the Mesoproterozoic 
(discussed earlier) to Holocene, involving intermittent 
periods of extensional, transpressive, and transtensive 
faulting (Wallace and others, 1990; Sears and Hendrix, 
2004; Foster and others, 2007). The St. Mary’s-Helena 
Valley fault zone in the northeast part of the quadran-
gle forms the northern boundary the LCL, whereas the 
southern LCL boundary  lies south of the quadrangle. 
The northwest- and northeast-striking oblique-slip 
faults, and north- to northwest-trending folds (fi g. 2) 
are interpreted to record at least two major deforma-
tional cycles associated with LCL tectonism (Sears 
and Hendrix, 2004): early (Late Cretaceous-late 
Paleocene) sinistral, transpressive shortening followed 
by later (post-middle Eocene) dextral, transtensive 
deformation. 

Transpressive structures in the Elliston quadrangle 
are characterized by northwest-trending, oblique-slip 
thrust and reverse faults, and north-northwest trend-
ing (south-southeast plunging) upright folds (e.g. 
the Black Mountain and Carter Creek Synclines, and 
Garrison Anticline; fi g. 2). A set of progressive un-
conformities underlying and within the early Campan-
ian Golden Spike Formation suggest shortening was 
underway by ca. 88 to 83 Ma (Sears and Hendrix, 
2004). The Black Mountain and Carter Creek Syn-
clines are cored by Late Cretaceous sedimentary rocks 
intruded by a distinctive set of folded mafi c dikes and 
sills (~75.9 Ma; Sears and others, 1998), suggest-
ing transpressive deformation continued after 76 Ma. 
Transpressive structures are interpreted to represent a 
rotational shear zone developed within the LCL during 
Late Cretaceous-Paleocene(?) shortening, which ac-
commodated differential rotation between the Lewis-
Eldorado-Hoadley (LEH) thrust slab to the north (fi g. 
1) and the Sapphire-Lombard thrust slab to the south 
(Sears and Hendrix, 2004; Mudge and Earhart, 1983). 

The Eldorado, Hoadley, and Scapegoat (?) Thrust 
Faults and associated folds mapped in the northeast 
corner of the quadrangle are part of the LEH thrust 
slab (fi g. 2). The Eldorado Thrust Fault carries rela-
tively undeformed Mesoproterozoic rocks of the Grey-
son and Spokane Formations eastward over folds and 
imbricate thrust faults in the Upper Cretaceous Two 
Medicine Formation of the Montana Disturbed belt 

(Mudge, 1970). West of the Eldorado Thrust Fault, the 
Scapegoat (?) and Hoadley thrusts place Greyson For-
mation over Spokane Formation. The Hoadley Thrust 
Fault is cut by the Hilger Valley Normal Fault. Both 
faults terminate against the St. Mary’s-Helena Valley 
Fault, one of the major right-lateral, high-angle faults 
of the LCL. 

The major transtensive structures mapped in the 
Elliston quadrangle include dominantly northwest- and 
northeast-striking normal, oblique-slip, and strike-slip 
faults that overprint the older transpressive structures. 
While the timing of transtensive deformation in the 
Elliston area is somewhat uncertain, faulting likely 
initiated during mid-Eocene volcanism and rapid 
exhumation of the nearby Anaconda metamorphic core 
complex (53-39 Ma; Foster and others, 2010). Fol-
lowing Eocene volcanism, a broad depositional basin 
with minor internal faulting developed in the Elliston 
region and accommodated fi ne-grained basin deposits 
of the Renova Formation and intercalated basaltic lava 
fl ows. A regional mid-Miocene unconformity separat-
ing the Renova Formation from the overlying Sixmile 
Creek Formation records segmentation of the Renova 
basin into major fault-bounded valleys including the 
Avon, Nevada, Canyon Creek-Silver City, Helena, 
and Lincoln Valleys in the Elliston quadrangle. These 
valleys are interpreted as grabens associated with 
pull-apart basins formed during Miocene and younger 
transtensive deformation (after Reynolds, 1979).

Recent seismicity indicates that many faults in the 
Elliston area are still active, with more than half of 
all fault plane solutions showing right-lateral offset 
(Stickney, 2015, this volume). The seismicity data also 
suggest that the LCL may function as the northern 
boundary of the middle Tertiary to Holocene Basin 
and Range province (Stickney, 2015, this volume; 
Reynolds, 1979). 
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SEISMICITY WITHIN AND ADJACENT TO THE EASTERN LEWIS AND CLARK 
LINE, WEST-CENTRAL MONTANA

Michael Stickney

Montana Bureau of Mines and Geology, 1300 W. Park Street, Butte, MT 59701, mstickney@mtech.edu

INTRODUCTION

The Intermountain Seismic Belt (ISB) transects 
western Montana, extending from Yellowstone Na-
tional Park northwestward to northwestern Montana 
(fi g. 1). The ISB is defi ned by a 100 km-wide general 
pattern of shallow diffuse seismicity with embed-
ded clusters of dense activity and some areas of low 
seismicity. Recent seismicity does not sharply defi ne 
the margins of the ISB except in an area just south of 
Helena where the ISB’s western edge makes a sharp 
right-angle bend from NNE to WNW coincident with 
the southern edge of the Lewis and Clark Line (LCL), 
suggesting that faults within this structural feature ac-
commodate recent earthquakes. This paper discusses 
the distribution of more than 13,000 earthquake loca-
tions and 157 well-determined fault plane solutions 
with respect to post-Laramide faults in the eastern part 
of the LCL, and Quaternary faults north and south of 
the LCL.

The LCL is a WNW-trending, 80 km-wide fault 
and fold zone that extends 400 km ESE from near the 
Montana-Idaho border to east of Helena, MT. The LCL 
includes at least a dozen major faults with a long his-
tory of movement. Variations in Belt Basin sedimen-
tation indicate displacement along some LCL faults 
during the middle Proterozoic (Harrison and others, 
1974). Some faults accommodated sinistral transpres-
sion during Cretaceous to Paleocene crustal shorten-
ing, which resulted in a “fl ower structure” between the 
large thrust plates north and south of the LCL (Sears 
and Hendrix, 2004). Regional crustal extension that 
began in the middle Tertiary and that continues today 
reactivated LCL faults with dextral and normal offsets 
(Wallace and others, 1990; and Reynolds, 1979). 

Pardee (1950) recognized that the youngest move-
ment on many western Montana faults was normal slip 
along mountain range fronts in response to the exten-
sional tectonic forces that succeeded Laramide com-
pression. Witkind (1975) compiled the fi rst western 
Montana Quaternary fault map based on information 

from colleagues. This map contained inconsistencies 
because Witkind did not specify the fi eld relationships 
that defi ne Quaternary offset. Stickney and Bar-
tholomew (1987) visited most of western Montana’s 
Quaternary faults and applied more uniform criteria 
to classify the ages of last movements. Their data, 
although in many cases still reconnaissance level, 
were incorporated into the Quaternary Fault and Fold 
database (USGS, 2015a) that remains the authorita-
tive source on Quaternary faults in Montana. Faults 
with identifi ed late Quaternary surface offset extend 
southward from the Helena area and northward from 
the LCL but a prominent gap in recognized Quaternary 
faults exists between Missoula and Helena (fi g. 1).

MONTANA REGIONAL SEISMIC 
NETWORK

Although Montana has a long history of destruc-
tive and deadly earthquakes (Qamar and Stickney, 
1979), continuous monitoring by a permanent regional 
seismograph network did not begin until l980, when 
the Montana Bureau of Mines and Geology (MBMG) 
upgraded an antiquated seismograph station in Butte. 
As resources permitted, the MBMG expanded seismic 
monitoring coverage to most of western Montana. By 
1982, the Montana regional seismic network included 
enough stations to determine earthquake locations and 
magnitudes and begin publishing an earthquake cata-
log. Major network improvements occurred in 1995 
when a cooperative effort with the Confederated Sal-
ish and Kootenai Tribes established six new stations 
on the Flathead Reservation to provide approximately 
5,500 km2 of coverage in the Mission Valley-southern 
Flathead Lake region, and in 1996 when a U.S. Geo-
logical Survey (USGS) grant provided funding to 
deploy nine stations to cover 11,500 km2 of the LCL 
from Helena to the Montana-Idaho border. 

Prior to 1990, seismic data were recorded ex-
clusively on paper seismograms. In August 1990, 
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MBMG implemented triggered 
digital recording. In 1999, the 
MBMG established continuous 
digital recording and real-time 
seismic-data exchange with 
networks in surrounding states 
and provinces. The capability 
to exchange data in real time 
dramatically increased the 
number and quality of earth-
quake hypocenter locations 
in the Montana earthquake 
catalog. A signifi cant, though 
temporary, improvement to 
the regional monitoring ac-
companied the deployment of 
the EarthScope Transportable 
Array stations in Montana from 
2006 to 2009 (IRIS, 2015). 
EarthScope deployed 400 high-
quality seismograph stations on 
a grid with an average spacing 
of approximately 70 km for 
about two years at each record-
ing site. Transportable Array 
data, from 83 stations deployed 
in Montana, combined with 
data from the Montana regional 
seismograph network provided 
some of the most robust hypo-
center locations and fault plane 
solutions ever generated in 
Montana.
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TOWNSEND REGION

The Townsend region includes the ISB that ex-
tends along the Missouri River Valley from just north 
of Three Forks to the midpoint of Canyon Ferry Reser-
voir and west to about Boulder (fi g. 2). Quaternary 
faults include the Lower Duck Creek Fault; and the 
southern and Toston segments of the Canyon Ferry 
fault, which fl ank the west side of the Big Belt Moun-
tains. West of Canyon Ferry Reservoir along the east 
fl ank of the Elkhorn Mountains is the Beaver Creek 
Fault. These faults form a broad, north-trending gra-
ben, along the axis of which the Missouri River fl ows 
northward into Canyon Ferry Reservoir.

In the southwest corner of the Townsend region, 
the Bull Mountain western border fault and the Boul-
der River Valley western border fault fl ank the Bull 
Mountain horst. In the extreme southeast corner, the 
northernmost end of the Bridger Fault fl anks the west 
side of the Bridger Range. These Quaternary faults 
form a discontinuous network of north-trending struc-
tures typical of the northern Basin and Range Prov-
ince.

Three areas of dense seismicity occur in the 
Townsend region: the Clarkston Valley-Toston area, 
the Sixmile Creek area, and an area east of Townsend 
(fi g. 2; areas a, b, and c). A diffuse band of seismic-
ity extends from the Clarkston Valley northwestward 
to Boulder where there is a fourth area of elevated 
seismicity (fi g. 2d). The Elkhorn Mountains to the 
northeast of Boulder exhibit little to no seismicity and 
this relatively quiet zone extends east-northeastward 
across the southern half of Canyon Ferry reservoir 
into the central Big Belt Mountains. The quiet zone 
includes the Missouri River Valley which is fl anked by 
Quaternary faults on both sides.

The Clarkston Valley seismicity cluster coincides 
with the 1925 Clarkston Valley earthquake (Montana’s 
second largest historic quake) which had a magnitude 
of 6.6; caused signifi cant damage to brick buildings in 
Three Forks, Manhattan, and White Sulphur Springs; 
triggered numerous rockfalls from railroad cuts in the 
epicentral region; and was felt throughout an area of 
800,000 km2 at a maximum of 10 on the Rossi-Forel 
intensity scale (Pardee, 1926) (equivalent to intensity 
8 on the now-widely used Modifi ed Mercalli Intensity 
scale). Using historic seismograms recorded at tele-

seismic distances, Doser (1989) determined a fault 
plane solution for the 1925 earthquake that indicates 
oblique-normal slip. The west-dipping Clarkston 
Valley Fault cuts late Tertiary sediments and bounds 
the eastern margin of the Clarkston Valley but is not 
recognized as a Quaternary fault (Pardee, 1926; Vuke 
and Stickney, 2013).The nodal planes from Doser’s 
(1989) fault plane solution are incompatible with po-
tential slip on the Clarkston Valley Fault. Qamar and 
Hawley (1979) reported fault plane solutions from the 
Clarkston Valley that show both normal and strike-slip 
faulting.

The Clarkston Valley seismicity cluster (fi g. 2; a) 
is by far the most active source zone in the Townsend 
region. Since routine reporting of earthquakes began 
in 1982, the MBMG has located over 1,300 earth-
quakes in the Clarkston Valley. The largest modern 
earthquake occurred on January 1, 1984, had a mag-
nitude of 3.8, and was part of a swarm of 137 earth-
quakes that began December 3, 1983 and continued 
through January 8, 1984. A second, swarm occurred 
April 4 through 20, 2012 that included 21 earthquakes, 
the largest of which was a magnitude 3.2 on April 
7. Despite the high number of earthquakes in the 
Clarkston Valley cluster, only four earthquakes have 
exceeded magnitude 3.0 and only 18 have magnitudes 
from 2.5 to 2.9. Three of four fault plane solutions 
from the Clarkston Valley (fi g. 2a) indicate normal 
faulting along north-trending faults and one fault plane 
solution indicates strike-slip faulting.

The Sixmile Creek seismicity cluster is compact 
group of epicenters lying about 20 km NNE of the 
Clarkston Valley (fi g. 2b) that includes 90 events. This 
small source area produced only seven earthquakes 
prior to 2008 and only one earthquake since 2010. 
An earthquake swarm began August 20, 2008 that 
included 43 earthquakes, one with a magnitude of 3.5, 
during eight days. Another 19 earthquakes occurred 
during September, 2008. Three of four fault plane 
solutions from this cluster indicate strike-slip move-
ment and one fault plane solution indicates normal slip 
along a northwest-trending fault (fi g. 2; b).

A cluster of earthquakes centered 10 km NE of 
Townsend includes over 400 events (fi g. 2; c). This 
cluster lies near the right-hand step-over between the 
southern end of the Canyon Ferry Fault’s southern sec-
tion and the northern end of the Canyon Ferry Fault’s 
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Toston section. The Townsend cluster is dominated 
by a swarm of 75 earthquakes that occurred from 
March 22 through July 29, 2000 and includes two 
earthquakes of magnitude 4.0 as well as six earth-
quakes with magnitudes from 3.0 to 3.4. From August 
2000 through mid-January 2001, an additional 45 
earthquakes occurred in this source area including a 
magnitude 4.0 earthquake on November 10, 2000 that 
occurred in the footwall block of the Canyon Ferry 
Fault, six km NNE of the earlier magnitude 4.0 events. 
Local residents reported feeling 24 of the earthquakes 
in this swarm. Because the Townsend cluster lies near 
the edge of the Montana regional seismic network, 
insuffi cient data are available from which to calculate 
reliable fault plane solutions, but most of these hypo-
centers occurred in the footwall block of the Canyon 
Ferry Fault.

Seismicity occurs along the north, east, and south-
ern margins of the Boulder Valley, but diminishes 
south of the northern tips of the faults bounding Bull 
Mountain (fi g. 2d). The most signifi cant seismicity 
occurred as two swarms, the fi rst included 18 earth-
quakes from July 7 through July 22, 1986, with two 
earthquakes of magnitude 3.4. The second swarm, 
from October 18 through November 12, 1986, includ-
ed 40 additional earthquakes with fi ve events ranging 
from magnitude 3.2 to 3.5. Six of the seven magnitude 
3+ earthquakes occurred at the northeastern corner 
of Boulder Valley but the September 9, 1986, M 3.3 
earthquake occurred at the southern edge of Boulder 
Valley. Two of three Boulder Valley fault plane solu-
tions indicate strike-slip faulting; one solution indi-
cates normal faulting (fi g. 2d).

Two fault plane solutions from the Big Belt 
Mountains, east of the Missouri River Valley, indicate 
strike-slip faulting (fi g. 2). Three of four fault plane 
solutions along the Missouri River Valley, between 
the Clarkston and Townsend clusters, indicate normal 
faulting on north-trending faults and one solution indi-
cates strike-slip faulting. Within the band of seismic-
ity extending northwestward between the Clarkston 
Valley and Boulder, three fault plane solutions indicate 
normal faulting on north-to-northwest-trending faults 
and fi ve solutions indicate strike-slip faulting.

HELENA REGION

In 1935, the western Helena Valley hosted an 
energetic swarm that produced a magnitude 6.3 earth-
quake on October 18 and a magnitude 6.0 on Octo-
ber 31 (Qamar and Stickney, 1983). In Helena, these 
earthquakes caused structural damage to 60 percent 
of the buildings and falling building debris killed four 
people. From October 3, 1935 to April 30, 1936, local 
observers reported feeling 1,880 earthquakes (Scott, 
1936). Data from a strong motion seismograph in-
stalled in the Lewis and Clark County courthouse just 
before the October 31 event showed that earthquakes 
occurred within the southwest Helena Valley only 5 to 
7 km from downtown Helena. 

Doser (1989) constructed fault plane solutions 
for the October 18 and October 31, 1935 earthquakes 
that indicate strike-slip faulting, right-lateral motion if 
the east-west nodal planes represent the fault planes. 
Freidline and others (1976) operated a temporary seis-
mograph network northwest of Helena and determined 
three composite fault plane solutions; two solutions 
indicated normal slip on northwest-trending fault and 
one solution indicated strike-slip faulting. Stickney 
(1978) reported two composite fault plane solutions 
from the Scratchgravel Hills area just north of Hel-
ena; one solution indicated northwest-trending normal 
faulting and one solution indicated strike-slip faulting.

Since 1982, diffuse seismicity occurred through-
out the western Helena Valley, similar to areas farther 
west along the LCL (fi g. 3). Western Helena Valley 
seismicity includes 226 earthquakes (fi g. 3a), none of 
which have magnitudes over 3.0 and none as swarms. 
Since 2000, only two earthquakes have had magni-
tudes over 2.0 but 24 earthquakes from 1982 through 
1999 had magnitudes ranging from 2.0 to 2.7, indicat-
ing low seismicity levels for this area during the past 
15 years. Local residents reported feeling or hearing 
most earthquakes with magnitudes greater than 2.5, 
which suggests that Scott’s (1936) 1935-36 earthquake 
compilation probably includes earthquakes down to 
about magnitude 2.5. A fault plane solution for one 
earthquake from the northern part of this area indicates 
strike-slip faulting (fi g. 3a), right-lateral if the WNW-
trending nodal plane represents the fault.
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The cluster of seismicity in the Avon-Elliston area 
(fi g. 3b) includes 174 earthquakes that have occurred 
since 1982 in sporadic bursts with intervening qui-
escent periods lasting up to two years. The largest 
earthquake, a magnitude 3.0 that occurred September 
28, 2009, was followed by 15 earthquakes over the 
next 16 hours and is characteristic of a main shock-
aftershock sequence. This source area has produced 22 
earthquakes with well-determined hypocenter depths 
ranging from 18 to 24 km, signifi cantly deeper than 
typical ISB earthquakes, which typically originate 
from 3 to 16 km below the surface. Three fault plane 
solutions for this cluster (fi g. 3b) indicate strike-slip 
faulting and two solutions indicate normal faulting. 

Although the majority of seismicity northwest of 
Helena is concentrated between the St. Mary’s-Helena 
Valley and the Bald Butte faults, an exception is the 
concentration of seismicity located between the Bald 
Butte Fault and Elliston near Mullan Pass, which in-
cludes 222 earthquakes (fi g. 3c). A swarm of 45 earth-
quakes occurred from June 27 through July 9, 1993; 
the largest was magnitude 2.7. The largest recorded 
earthquake in this source area had a magnitude of 3.1 
on October 31, 1995 but had no other associated seis-
micity. Only three earthquakes since 2000 have had 
magnitudes of 2.0 or larger, but 23 earthquakes during 
the previous 18 years had magnitudes of 2.0 or larger. 
This pattern of relatively low seismicity since 2000 
resembles the temporal seismicity pattern observed in 
the western Helena Valley. A fault plane solution from 
the Mullan Pass area indicates normal slip on a NNW-
trending fault (fi g. 3c).

Prior to 2010, a seismicity cluster that straddles 
the St. Mary’s-Helena Valley Fault near Canyon Creek 
(fi g. 3d) included sporadic earthquake activity of 
magnitudes less than 2.2. From November 30, 2010 
through January 25, 2011 a swarm of 40 earthquakes, 
the largest of which occurred on January 16, 2011 
with a magnitude of 3.7, was felt by local residents. 
Collapse of an abandoned mine stope beneath a ski 
run on Mount Belmont was attributed to shaking from 
this earthquake. Seismicity following the swarm in 
2010-2011 is signifi cantly elevated compared to the 
pre-swarm rate. One of two fault plane solutions from 
this cluster indicates strike-slip faulting with a nodal 
plane parallel to the St. Mary’s-Helena Valley Fault 
indicating dextral slip and the other solution indicates 

oblique-normal slip with a vertical nodal plane trend-
ing ENE-WSW (fi g. 3d).

The area southeast of Lincoln (fi g. 3e) has pro-
duced 390 earthquakes since 1982, the majority of 
which lie south of the St. Mary’s-Helena Valley Fault. 
Nine earthquakes have magnitudes from 3.0 to 3.9; 
the largest occurred 15 km ESE of Lincoln on April 
1, 1993, but had no other associated seismicity. De-
spite the relatively high level of recent seismicity, no 
swarms or aftershock sequences occurred in this area. 
Following an earthquake of magnitude 3.5 on April 
23, 2014, the Stemple Pass area, 15 km southeast of 
Lincoln, experienced a magnitude 3.6 earthquake on 
September 28 and a magnitude 3.3 on October 15. 
In addition, 28 small earthquakes occurred between 
September and the end of 2014. Thirteen earthquakes 
have well-determined hypocenters 18 to 22 km below 
the land surface. Three fault plane solutions indicate 
strike-slip faulting, fi ve normal faulting, one oblique-
normal faulting, two reverse faulting, and two oblique-
reverse faulting (fi g. 3e). In contrast to most other 
areas, one of the normal fault plane solutions indicates 
slip on a north-east trending fault. The presence of 
reverse and oblique-reverse fault plane solutions indi-
cate local areas of compressional stress.

Seismicity near Nevada Creek (fi g. 3f) is mainly 
north of the Bald Butte Fault near the north end of 
the Avon Valley where more than 430 earthquakes 
have occurred since 1982. Prior to 2005, seismicity 
occurred as intermittent bursts of activity with magni-
tudes up to 2.5 interspersed with quiet periods lasting 
up to two years. From 2005 through 2007, nearly 60 
percent of the earthquakes occurred in three swarms: 
February 3-March 17, 2005—32 events with maxi-
mum magnitude 2.6 on February 8; March 1-May 29, 
2006—75 events with maximum magnitude 2.7 on 
April 25; and December 22, 2006-May 3, 2007—74 
events with maximum magnitude 2.1 on December 
24, 2006. The majority of the swarm events occurred 
in a tight 2-km-diameter cluster about one km east 
of where Nevada Creek enters the Avon Valley and 
apparently originated within the footwall block of 
the valley-bounding fault on the northeast side of the 
Avon Valley. Two small clusters of seismicity located 
6 and 8.5 km northwest of the primary swarm cluster 
were active during these swarms. Recent seismic-
ity levels are low, with only three earthquakes since 
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2013. Five fault plane solutions from this area indicate 
oblique-normal faulting (fi g. 3f).

Seismicity west of Lincoln and north of Helmville 
in the Kleinschmidt Flat area (fi g. 3g) occurs primarily 
between the St. Mary’s-Helena Valley and Bald Butte 
faults. This area has experienced 564 earthquakes 
since 1982 but none of them occurred as swarms. The 
largest earthquake was a magnitude 3.7 on September 
15, 1998 that occurred 10 km northeast of Ovando, but 
had no aftershocks. Prior to 1999, nine earthquakes 
of magnitude 3.0 or larger occurred in the region, but 
only one earthquake of magnitude 3.0 has occurred 
since. Four fault plane solutions from this area (fi g. 
3g) indicate strike-slip faulting and a fi fth solution 
indicates oblique normal faulting.

Nineteen fault plane solutions have been computed 
for Helena region earthquakes but from outside the 
source zones discussed above (fi g. 3). Seven solu-
tions indicate strike-slip faulting, fi ve indicate normal 
faulting, fi ve indicate oblique-normal faulting, and two 
indicate oblique-reverse faulting.

MISSOULA REGION

Since 1982, the largest earthquakes along the LCL 
between Missoula and Helena occurred in the Rock 
Creek area 30 km west of Drummond (fi g. 4a). From 
1982 to 2000, only one small earthquake had been 
recorded in this area, but on June 28-29, 2000, a mag-
nitude 4.5 earthquake was followed by 11 aftershocks. 
Only 24 earthquakes, none larger than magnitude 2.1, 
occurred during the following 11.4 years. On Novem-
ber 11, 2011 a magnitude 4.1 earthquake was followed 
by 14 aftershocks during a 10-day period. Another 
18 events—including two earthquakes of magnitude 
3.5 and 3.4—were recorded during the next year. No 
earthquakes larger than magnitude 1.0 have occurred 
since 2013. This source area is characterized by main 
shock-aftershock sequences separated by periods of 
low seismicity. Of four fault plane solutions from the 
Rock Creek cluster (fi g. 4; a), two indicate strike-slip 
faulting, one indicates oblique-normal faulting, and 
one indicates oblique-reverse faulting. All four fault 
plane solutions have a nodal plane nearly parallel to 
nearby LCL faults.

The Clearwater Junction area (fi g. 4b), about 50 

km ENE of Missoula, has had a steady rate of seismic-
ity since 1982 that lacks swarms or main shock-after-
shock sequences. A quiet period occurred in this area 
from mid-1994 through mid-1996 when there were 
no locatable earthquakes. Only four earthquakes have 
exceeded magnitude 3.0, the largest was a magnitude 
3.2 event on July 6, 1991. Two fault plane solutions 
indicate normal slip along north or northwest-trending 
faults, one solution indicates strike-slip faulting, and 
three solutions indicate oblique-normal faulting (fi g. 
4b). A magnitude 4.9 earthquake occurred in this area 
on April 28, 1978 with a fault plane solution that is 
consistent with right-lateral strike slip movement on a 
N65°W-striking fault (Qamar and Stickney, 1983).

The Frenchtown area (fi g. 4c), about 20 km north-
west of Missoula, includes a 10-km-diameter cluster 
of 82 earthquakes located south of the Ninemile Fault. 
The MBMG located a single magnitude 2.2 earth-
quake in this are from 1982 through 1998, at a time 
when seismic monitoring coverage was minimal. A 
magnitude 3.2 earthquake, followed by two small 
aftershocks on September 5, 1999, is the area’s largest 
earthquake to date. Since seismic monitoring coverage 
improved in the late 1990s, the MBMG locates an av-
erage of about 5 events with magnitudes less than 2.0 
annually in this area. Fault plane solutions for three 
earthquakes indicate strike slip faulting with a right-
lateral sense of slip, if the west-to-northwest-trending 
nodal planes—which parallel nearby LCL faults—rep-
resent the fault plane (fi g. 4c). Stickney (2011) re-
ported on seismicity in the Alberton-Frenchtown area 
west of this map, and determined an average T-axis 
orientation of S88°W, dipping 10° based on 13 fault 
plane solutions.

Of three fault plane solutions for earthquakes near 
Drummond (fi g. 4d), two indicate north-south normal 
faulting and one indicates strike-slip faulting. The 
northwest-trending nodal plane of the strike-slip solu-
tion is parallel to nearby LCL faults and is consistent 
with right-lateral faulting. One fault plane solution 
for an earthquake north of Missoula indicates normal 
faulting on a northwest-trending fault and two solu-
tions for earthquakes southeast of Missoula indicate 
and oblique normal faulting.
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SOUTHERN SWAN REGION

The southern Swan region (fi g. 5) covers the 
southern Swan Mountains and part of the Lewis and 
Clark Range, north of the WNW-trending St. Mary’s-
Helena Valley Fault that locally defi nes the northern 
edge of the LCL. From its southern tip in the Monture 
Creek region (fi g. 5a), the South Fork Flathead Fault 
trends N45°W for 25 km to where it bends to about 
N25°W. The trace of the St. Mary’s-Helena Valley 
Fault similarly changes from WNW to NW where it 
intersects the Swan Fault near the southwestern edge 
of this area. 

Extending for about 40 km between the St. 
Mary’s-Helena Valley and South Fork Flathead faults 
with a trend of about N30°E, is a zone of more than 
600 earthquakes (fi g. 5a). Since 1982, the Monture 
Creek zone has produced three earthquakes with mag-
nitudes ranging from 4.0 to 4.9, and 16 earthquakes 
with magnitudes ranging from 3.0 to 3.9. The magni-
tude 4.9 earthquake occurred on April 1, 1985 and was 
followed by 12 aftershocks during four days. All of the 
other large earthquakes in this source zone had mini-
mal aftershock sequences. The Monture Creek zone 
has produced no notable swarms. 
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For earthquakes in the Monture Creek area prior 
to 1996, seismic monitoring was inadequate to pro-
vide reliable hypocenter control. Much of the Monture 
Creek zone lies within roadless and wilderness areas 
where seismograph stations have not been operated. 
However, since expansion of the Montana regional 
seismograph network into the LCL in 1996, adequate 
data exist with which to reliably constrain hypocenter 
depths for many events in the Monture Creek area. 
More than 50 percent of the earthquakes with adequate 
data have calculated hypocenter depths greater than 
or equal to 18 km, which is deeper than usual for ISB 
seismicity.

Eleven earthquakes in the Monture Creek source 

zone have fault plane solutions (fi g. 5a). Five earth-
quakes located to the southwest of the South Fork 
Flathead Fault have fault plane solutions that indicate 
normal slip on north-trending faults; three solutions 
indicate strike-slip faulting. If these fault plane solu-
tions adequately characterize fault movement, then 
the Monture Creek source zone may result from slip 
on a series of short, north-trending, en echelon nor-
mal faults oblique to the south end of the South Fork 
Flathead Fault. The strike-slip solutions may represent 
earthquakes that transfer extension between normal 
faults. The two earthquakes with fault plane solutions 
located in the footwall block immediately northeast of 
the South Fork Flathead Fault, exhibit oblique-normal 
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slip with a near-vertical nodal plane that parallels the 
nearby fault. All 10 fault plane solutions in this source 
zone are consistent with east-west extension despite 
the northwest strikes of nearby Quaternary faults.

The Ford Creek source zone (fi g. 5b) is a modest 
cluster of seismicity in the southern Lewis and Clark 
Range just west of the Rocky Mountain Front. This 
source zone includes 150 earthquakes, the largest of 
which had a magnitude of 3.9 on March 17, 1983, that 
was followed by four aftershocks during seven days. 
Six other earthquakes had magnitudes ranging from 
3.0 and 3.4 but there have been no earthquake swarms. 
Eighty percent of these earthquakes have computed 
hypocenter depths of 18 km or greater, however, the 
Ford Creek zone is too distant from the Montana 
regional seismic network coverage to reliably de-
termine hypocenter depths. However, from 2007 to 
2009, EarthScope Transportable Array data (IRIS, 
2015) supplemented the Montana network data for 12 
earthquakes in the Ford Creek source zone. Hypocen-
ter depths for all 12 earthquakes during this period of 
improved monitoring coverage were from 18 to 31 
km below the surface, lending credibility to the occur-
rence of unusually deep seismicity in this source zone. 
Two fault plane solutions indicate oblique-normal slip 
and the other indicates normal slip. All three are con-
sistent with east-west extension (fi g. 5b).

SWAN–MISSION REGION

The Swan-Mission region is mostly north of the 
LCL and includes the north- to NNW-trending late 
Quaternary Mission, Swan, and South Fork Flathead 
normal faults (fi g. 6). All three of the faults dip to the 
west. At their southern ends, the Mission and Swan 
faults either terminate against or merge with the St. 
Mary’s-Helena Valley Fault, which marks the northern 
margin of the LCL. The southern-most eight km of the 
Mission Fault bends to the southeast before intersect-
ing the St. Mary’s-Helena Valley Fault. Ostenaa and 
others (1995) reported a combination of normal and 
right lateral displacements of young glacial moraines 
along this section of the Mission Fault. To the north, 
where the Mission Fault trends north-south, displace-
ment is normal. Ostenaa and others (1995) divided the 
Mission fault into two sections based on age of last 
surface rupture. To the north, the Flathead Lake seg-
ment has not produced surface rupture since the retreat 
of the Flathead Lobe of the Cordilleran ice sheet from 

the Polson moraine about 15 ka. Paleoseismic data 
from six trenches indicate that the southern 45 km-
long Mission Valley segment last ruptured 7.7±0.2 
ka with a previous event from 19 to 15 ka. These two 
segments meet immediately east of Pablo.

Relatively few earthquakes were detected and 
located in the Swan-Mission region until expansion 
of the Montana regional seismic network into the 
Flathead Valley in 1995 and along the LCL in 1996. 
Recent seismicity is widely distributed throughout the 
area east of the Mission Fault and north of Pablo and 
includes two signifi cant seismicity clusters. 

The Squeezer Creek cluster (fi g. 6a) includes 1,008 
earthquakes located in the hanging and footwall blocks 
of the Swan Fault. The cluster’s largest earthquake had 
a magnitude of 4.3 and occurred April 1, 1992. Fifteen 
other earthquakes had magnitudes of 3.0 to 3.8. Nine 
of the magnitude 3+ earthquakes occurred during a 
period of accelerated seismicity that began in Febru-
ary 2005 and continued through March 2006, which 
included over 214 earthquakes. While signifi cantly 
more active than the preceding or following intervals, 
this period of accelerated seismicity does not resemble 
a typical earthquake swarm because of its 13-month 
duration and low average rate of about 0.5 earthquakes 
daily. During its peak from June 27 through July 21, 
2005 activity was more swarm-like with 67 earth-
quakes and included three events with magnitudes of 
3.0 to 3.5. 

Six fault plane solutions from the Squeezer Creek 
Cluster indicate strike-slip faulting and two others in-
dicate oblique-normal faulting (fi g. 6a). One oblique-
normal fault plane solution lies west (down-dip) of the 
Swan Fault but is not consistent with normal-slip at 
depth on the Swan Fault because the nodal plane that 
most closely matches the fault’s local strike dips to the 
east, opposite of the Swan Fault dip. 

The North Crow Creek cluster (fi g. 6b) lies just 
east of the Mission Fault and about 2-3 km south of 
the boundary between the Flathead Lake and Mission 
Valley segments. This cluster is elongated east-west 
with dimensions of approximately 5 by 2 km. A period 
of high seismicity that occurred from June 15 through 
December 31, 2000 includes 47 earthquakes; the max-
imum magnitude was 3.1. None of these earthquakes 
has a fault plane solution, but because they occurred 
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within the footwall block of the Mission Fault, cannot 
be associated with the fault.

The Pablo cluster (fi g. 6c) consists of three small 
groups of epicenters: 1) within two km of the town of 
Pablo; 2) eight km west of Pablo; and 3) northwest of 
Pablo beneath Pablo Reservoir. The centroid of the 
Pablo cluster lies 10 km west of where the Mission 
Fault’s Flathead Lake and Mission Valley segments 
meet. Two fault plane solutions for earthquakes on 
March 18 and May 20, 2003 from the group nearest 
Pablo indicate normal slip along north-trending nor-
mal faults. The March 18, 2003 earthquake was 4.5 
km west of the trace of the Mission Fault and the hy-
pocenter has a well-determined focal depth of 19.9 ± 
0.6 km. This hypocenter is too deep to lie on the plane 
of the Mission Fault based on reasonable estimates of 
fault dip (55° ± 15°). The May 20, 2003 earthquake 
was 6.3 km west of the Mission Fault at a depth of 
13.3 ± 0.8 km, consistent with slip at depth on a 65° 
west-dipping Mission Fault. 

Two fault plane solutions for earthquakes in the 
group centered eight km west of Pablo also indicate 
normal slip on north-trending normal faults. The April 
5 and April 6, 2014 earthquakes were 13.8 and 13.6 
km, respectively, west of the Mission Fault at depths 
of 16.0 ± 0.8 and 16.5 ± 1.2 km. The hypocenter 
depths and fault plane solutions are compatible with 
slip at depth along a 50° west-dipping Mission Fault. 

The Pablo Reservoir group has two fault plane so-
lutions that both indicate strike-slip faulting, either on 
north-south-trending, left-lateral or east-west-trending, 
right-lateral faults. Neither solution is consistent with 
movement on the Mission Fault at depth but the east-
west nodal planes could perhaps represent a fault that 
accommodates differential slip between the Mission 
Valley and Flathead Lake segments of the Mission 
Fault.

South of the Pablo cluster, sparse seismicity is 
located west of the Mission Fault (fi g. 6). This region 
down-dip of the Mission Fault is noticeably lacking in 
seismicity when compared to most other areas north of 
the LCL, indicating quiescence along the most recent-
ly active segment of the Mission Fault. The MBMG 
has located 30 earthquakes from 3-15 km west of the 
bend near the southern end of the Mission Fault. Two 

fault plane solutions indicate strike-slip faulting and 
one indicates normal faulting on an ENE-trending 
fault—nearly perpendicular to the strike of the Mis-
sion Fault (fi g. 6). Perhaps this slightly more active 
area in the otherwise low seismicity region west of the 
Mission Valley segment is related to space accommo-
dation issues near the Mission Fault’s 45° bend to the 
southeast. 

North of the Pablo cluster, a north-trending band 
of seismicity coincides with the long axis of Flathead 
Lake and a second north-trending band of seismic-
ity extends north from Polson along the west shore 
of Flathead Lake for about 20 km (fi g. 6). One fault 
plane solution for recent Flathead Lake area seismicity 
indicates normal slip on a north-trending fault just east 
of Polson and a second solution indicates strike-slip 
motion for an earthquake about 10 km northwest of 
Polson (fi g. 6).

Within the Mission Mountains and the Swan Val-
ley, seismicity is wide spread and includes the pre-
viously discussed Squeezer Creek and North Crow 
Creek clusters. Relatively few earthquakes have been 
located in a 10 by 20 km area in the southern Mis-
sion Mountains near latitude 47.4° N as compared 
to areas immediately to the north and south (fi g. 6). 
North and south of the quiet area, 45 earthquakes with 
well-determined hypocenters have depths ranging 
from 20.0 to 23.6 km. Twenty-one fault plane solu-
tions from the Mission Mountains-Swan Valley (south 
of the Squeezer Creek and North Crow Creek clus-
ters) area indicate both normal and strike-slip motions 
(fi g. 6). Approximately one-third of these fault plane 
solutions indicate strike-slip movement, one-third 
normal slip, and the remainder oblique-normal fault-
ing. The normal faults are predominately north-south, 
but two fault plane solutions east of the Mission Fault 
bend and two others at about 47.5°N latitude in the 
Mission Mountains trend northeast-southwest. Seven 
earthquakes with depths of 20 km or greater have fault 
plane solutions indicating normal slip, including the 
two northeast-trending normal faulting solutions near 
47.5°N latitude. With the exception of the portion of 
the Squeezer Creek cluster that extends into the Swan 
Range, seismicity in the Swan Range is uniformly 
distributed along the length of the range within about 
20 km of the Swan Fault (fi g. 6).
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T-AXIS ORIENTATIONS 

The Montana regional seismograph network, adja-
cent permanent seismic networks, and the temporary 
Transportable Array have recorded adequate data from 
157 earthquakes near or within the eastern LCL since 
1990 to generate well-determined fault plane solu-
tions. These solutions exhibit a variety of movements, 
but mostly describe strike-slip and normal faulting. 
The variety of types and orientations of faulting likely 
refl ect the region’s long tectonic history and many 
pre-existing planes of weakness available to the cur-
rent stress fi eld. The common factor for the majority 
of these fault plane solutions is an east-to-northeast, 
nearly horizontal, axis of minimum compressive stress 
(T-axes) and an orthogonal belt of maximum compres-
sive stress (P-axes) trending north-south to NNW-SSE. 

North of the LCL (marked by the St. Mary’s-Hele-
na Valley Fault), 62 fault plane solutions have an aver-
age T-axis orientation of N87°E and an average plunge 
of 4° (fi g. 7a). The half apical angle is ± 32°. For 92 
fault plane solutions within and south of the LCL, the 
average T-axis orientation is N68°E, the plunge is 2° 
(fi g. 7c). The half apical angle is ± 31°. Although there 
is overlap in the uncertainty of these two data sets, 
they suggest a 19° clockwise rotation in the extension-
al direction from south to north across the northern 
boundary of the LCL. The nearly east-west extension 
direction to the north is consistent with the long north-
erly trending Quaternary faults and the ENE extension 
direction within and south of the LCL is similar to the 
S45°W±15° extension direction Stickney and Bar-

a) b)

c) d)

Figure 7. T-axes and P-axes from earthquake fault plane solutions. a) T-axes from 61 earthquakes north of the LCL with conical best fi t 
(black dot), apical half angle (measure of scatter) shown as small circle, and rose diagram. b) P-axes from 61 events north of the LCL 
with cylindrical best fi t (great circle) and computed principle stress axes (small black squares). c) T-axes from 92 earthquakes within 
and south of the LCL. Other symbols explained in a) above. d) P-axes from 92 earthquakes within and south of the LCL. Other symbols 
explained in b) above.
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tholomew (1987) reported for fault plane solutions and 
fault trends in the northern Basin and Range Province 
of southwestern Montana and east-central Idaho.

DISCUSSION

Recent earthquakes in the ISB between the 
Clarkston Valley and Flathead Lake have a patchy 
distribution that is not clearly associated with mapped 
Quaternary faults. Numerous seismic clusters occur in 
areas that lack Quaternary faults; examples include the 
Clarkston Valley, Rock Creek, Monture Creek, and the 
region between Helmville and Helena. Other seis-
micity concentrations occur near the mapped ends of 
Quaternary faults, or fault segments, within the foot-
wall blocks; examples include east of Townsend, south 
of Boulder, and North Crow Creek. Areas of relative 
seismic quiescence include the down-dip projection 
of Quaternary faults that are apparently locked during 
the 33-year reporting period of the MBMG earthquake 
catalog. Examples of currently quiescent Quaternary 
faults include the Canyon Ferry Fault, Beaver Creek 
Fault, and Mission Valley segment of the Mission 
Fault. Late Quaternary fault scarps—documenting 
magnitude 6.5 or larger paleoearthquakes—indicate 
that these faults are not always quiet. Just over one 
percent of the earthquakes in this study have fault 
plane solutions, so it is impossible to demonstrate how 
much seismicity occurring down-dip near Quaternary 
faults actually represents slip on those faults at depth. 
The only fault plane solutions consistent with slip 
at depth on a mapped Quaternary fault are for three 
earthquakes on the Mission Fault near Pablo which 
occurred near the northern boundary of the apparently 
locked Mission Valley segment of the Mission Fault.

Earthquake hypocenters deeper than 20 km are 
atypical in the northern Intermountain Seismic Belt. 
However, this data set includes 127 earthquakes with 
reliably determined hypocenter depths of 20 to 32 km 
below the surface, almost half of which occurred from 
2006 through 2009 when data from the EarthScope 
Transportable Array (IRIS, 2015) were available to 
supplement the permanent seismic network. Only six 
of these reliably determined deep earthquakes oc-
curred within the LCL, the majority occurred within 
a 40-km wide belt to the north of the LCL and east 
of the Mission Fault (green dots in fi g. 1). Seventeen 
of these deep earthquakes have fault plane solutions. 
Within the LCL, two fault plane solutions indicate 

strike-slip faulting, one indicates oblique-normal 
faulting, and one indicates normal faulting. Of the 12 
fault plane solutions for deep events north of the LCL, 
10 indicate normal faulting and two indicate oblique-
normal faulting. The style of faulting for these deep 
earthquakes is similar to that of nearby shallow earth-
quakes.

The depth of brittle failure in the earth’s crust de-
pends on temperature, rheology, and strain rates. The 
spatial distribution of the deep earthquakes suggests 
that the Mission and St Mary’s-Helena Valley faults 
penetrate the brittle upper crust and juxtapose middle 
crustal rocks with different properties and/or strain 
rates. The proximity of deep seismicity in the footwall 
blocks adjacent to the southern parts of the Mission, 
Swan, and South Fork Flathead faults and perhaps the 
St. Mary’s-Helena Valley Fault, suggests the possibil-
ity that these faults may be capable of storing elastic 
energy to depths of at least 20 km. Lacking evidence 
to the contrary, the base of the seismogenic zone for 
most faults in the ISB is thought to be about 15 km. 
If these faults with nearby deep seismicity can in fact 
store elastic energy to depths of 20 km, then the fault 
rupture areas may be up to 25 percent larger than as-
sumed for major earthquakes along these faults, with 
corresponding greater maximum probable earthquake 
magnitudes.

The Quaternary Fault and Fold Database (USGS, 
2015) shows only normal faults for the eastern LCL 
and adjacent areas. According to this database, the 
60-km long part of the LCL extending from the east-
ern end of the unnamed fault north of Ovando to the 
western end of the Helena Valley Fault has no faults 
with Quaternary displacement. However, the seismic-
ity that defi nes the ISB is continuous along this part 
of the LCL, indicating continuing tectonic deforma-
tion. Furthermore, 53 percent of the fault plane solu-
tions indicate strike-slip faulting and the majority are 
consistent with right-lateral slip on WNW-trending 
fault planes. Therefore, it seems likely that there are 
faults in the eastern LCL with unrecognized Quater-
nary displacement. Field evidence for Quaternary 
displacement on strike slip faults with low slip rates 
(perhaps one surface-rupturing earthquake every 5,000 
to 30,000 years) is diffi cult to recognize. Compared 
to normal faults, scarps produced by strike-slip earth-
quakes are much smaller and discontinuous. Forests 
and dense vegetation cover much of the area, and gla-
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ciers and post-glacial alluviation also have modifi ed 
signifi cant areas of the land surface, further obscuring 
evidence of young strike-slip faulting. Perhaps the 
best chance of identifying evidence of late Quaternary 
strike-slip displacement will require detailed mapping 
with the aid of high-resolution elevation data such as 
LiDAR. The lack of identifi ed Quaternary faults in this 
part of the LCL contributes to lower predicted shak-
ing levels portrayed on the National Seismic Hazard 
Maps (USGS, 2015b), in this part of the northern ISB, 
perhaps under reporting the true seismic hazard levels.

The sharp westward bend in the western border 
of the ISB where it intersects the LCL near Helena 
suggests that LCL structures control the locations of 
modern seismicity. Also, the change in character of 
Quaternary faults from several, long, continuous faults 
to the north, to numerous, short, discontinuous faults 
to the south suggests a fundamental infl uence of the 
LCL. The ENE-trending average extension direction 
for fault plane solutions within and south of the LCL 
and abundance of strike-slip fault plane solutions are 
compatible with the concept that strike-slip move-
ment on faults within the LCL accommodate basin and 
range extension to the south, as proposed by Reynolds 
(1979). From this perspective, the LCL may be consid-
ered as the functional northern boundary of the Basin 
and Range Province.

CONCLUSIONS

• With few exceptions, seismic data suggest that re-
cent earthquakes are not occurring at depth along 
mapped Quaternary faults.

• Strike-slip fault plane solutions are consistent 
with dextral slip on LCL faults, even though Qua-
ternary strike-slip offsets have not been recog-
nized on these faults.

• The distribution of deep seismicity and T-axis 
rotation suggest that the LCL is an important 
structural feature that infl uences crustal properties 
and may function as the northern boundary of the 
Basin and Range Province.

• Possible unrecognized active strike-slip faults and 
potentially seismogenic fault planes extending to 
depths of at least 20 km on normal faults north of 
the LCL may contribute to under-estimated seis-
mic hazards on the National Seismic Hazard maps 
for west-central Montana.
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INTRODUCTION

The Drumlummon Mine is located in the Marys-
ville mining district (fi g. 1), about 17 miles northwest 
of Helena, Montana. Early reports of the economic 
geology of the mine are given in Barrell (1907), Knopf 
(1913), Pardee and Schrader (1933), McClernan 
(1982) and Walker (1992). Between the 1870s and the 
1950s, the mine produced approximately 1 million oz. 

of Au and 12 million oz. Ag. RX Gold & Silver began 
renewed exploration in 2007, and underground drill-
ing discovered the rich Charly vein to the east of the 
historic mine workings (fi g. 2).  In 2010 a decline was 
driven to access the Charly vein as well as unmined 
portions of the adjacent veins. Underground mining 
took place between 2010 and early 2013, with the ore 
processed at a mill in Philipsburg, Montana. A drop in 

Figure 1. Simplifi ed geologic map of the region surrounding the Drumlummon Mine. Ye = Empire Fm., Yh = Helena Fm., Ymsg = Spo-
kane and Greyson Fms., Єu = Cambrian sediments, undivided, Kgd = Marysville Pluton, Tv = Tertiary volcanic rocks, Tbb = Bald Butte 
stock. Shaded region in center indicates contact-metamorphic aureole of the Marysville Pluton. Modifi ed from Blackwell et al. (1974). 
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metals prices in the spring of 2013 resulted in a sus-
pension of mining and exploration at Drumlummon. 

The Drumlummon mine follows several veins that 
run parallel to the SE margin of the Marysville plu-
ton, a late Cretaceous (78 Ma; Daniel and Berg, 1981) 
granodiorite stock that is a satellite pluton to the larger 
Boulder Batholith. Important veins include the Drum-
lummon (the biggest historic producer), the Empire, 
the Frankie, the Castletown, the North Star, and the 
newly discovered Charly vein. With the exception of 
the Frankie vein, which dips towards the pluton, the 
veins strike ENE to NNE and dip steeply to the SE 
(fi g. 2). Emplacement of the Marysville stock resulted 
in a concentric aureole of contact metamorphism 
(hornfels) of the Empire and Helena Formations of the 

Mesoproterozoic Belt Supergroup. 
The metamorphic petrology of this 
contact aureole has been the subject 
of several classic papers (Melson, 
1971; Rice, 1977; Ferry, 1994). 
Although the veins are located in the 
hornfels, the Au-Ag mineralization is 
thought to be much younger (Black-
well and others, 1974). Two buried 
granite porphyry stocks are found 
just to the west of the Marysville 
stock, the 47.8 ± 2 Ma Bald Butte 
and 40 Ma Empire Creek stocks. 
Several quartz porphyry dikes above 
the plutons have been dated at 37 Ma 
(Blackwell and others, 1974).  The 
Bald Butte stock contains a mo-
lybdenum deposit which has been 
explored several times since the late 
1960s. The hydrothermal event that 
mineralized the Drumlummon veins 
may be related to the emplacement of 
these Eocene stocks, although dates 
have not been obtained. 

Regionally, the Drumlummon 
Mine is located near the intersection 
of the northern borders of the Great 
Falls Tectonic Zone (GFTZ) and the 
Lewis and Clark Fault Zone (LCFZ). 
The GFTZ, as interpreted by Sims 
et al. (2004), is a northeast-trending, 
1.85 Ga suture zone between the 
Archean Medicine Hat Terrain to the 
north and the Archean Wyoming Ter-

rain to the southeast. The LCFZ is a group of WNW-
striking faults cutting across western Montana and 
the Idaho panhandle. The LCFZ has a long and very 
complex geologic history, beginning in the Protero-
zoic and continuing through the Tertiary (Berger and 
others, 2011). The intersection of the GFSZ and LCFZ 
may have played a role in the emplacement of the 
younger intrusive stocks and the hydrothermal miner-
alization in the Marysville district. The brittle nature 
of the hornfels in the contact aureole surrounding the 
Marysville Stock may also have helped to localize 
the veins. Interestingly, geothermal activity continues 
today in the Marysville District, roughly 5 km west 
of the Drumlummon mine, and is possibly fueled by 
recent magmatic activity (Blackwell and others, 1974). 

Figure 2. Map of the Drumlummon Mine showing the location and attitude of individual 
veins. (Courtesy U.S. Silver and Gold). 
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Although early workers described the mining geol-
ogy of the Marysville district, until recently there had 
been no detailed studies using modern methods of ore 
deposit research. The objective of the present study, 
which constituted the M.S. thesis of the fi rst author 
(Griffi th, 2013), was to combine ore petrography with 
fl uid inclusion analysis to formulate an updated geo-
chemical model for the origin of the mineralization 
at Drumlummon. The renewed activity at the mine 
provided an excellent opportunity to collect new vein 
and wallrock specimens. 

METHODS

Approximately 50 standard petrographic thin 
sections and 30 polished slabs were examined in this 
study. Samples were collected from diamond drill 
core, ore piles at the mine, and from exposures of 
veins and altered wallrock underground. All of the 
major veins in the mine complex were sampled, with 
a greater number taken from the newly discovered 
Charly vein. Polished slabs were examined by refl ect-
ed light microscopy and scanning-electron microscopy 
(SEM). The LEO 1430VP SEM at the Center for Ad-
vanced Mineral Processing (CAMP), Montana Tech, 
was used. Mineral compositions were determined via 
energy dispersive X-ray analysis (SEM-EDX), and 
photographs were taken in back-scattered electron 
(BSE) mode. Approximately 12 doubly polished sec-
tions were examined using a fl uid inclusion heating/
freezing stage. Details of the fl uid inclusion results, as 
well as a complete listing of SEM-EDX data, can be 
found in Griffi th (2013). Some of the fl uid inclusion 
fi ndings are summarized near the end of this paper. 

RESULTS 

Hornfels Mineralogy
The country rock hosting most of the vein miner-

alization at the Drumlummon mine is a fi ne-grained 
calc-silicate hornfels which typically shows cm-scale 
banding of light and dark layers (fi g. 3). This unit has 
been mapped as the Helena Formation (Blackwell and 
others, 1974), a siliceous dolomite. Based on SEM 
results, the light layers are almost equal parts quartz, 
diopside, and plagioclase and the dark layers almost 
equal parts quartz, actinolite, and potassium feldspar 
with up to 10% muscovite. The diopside from the 
light layer has an Fe/(Fe+Mg) mole ratio of 0.17 to 

0.28, whereas the actinolite has an Fe/(Fe+Mg) ratio 
of 0.22. Plagioclase from the light layer has a Ca/
(Na+Ca) mole ratio of 0.62, which corresponds to 
labradorite.   

Hydrothermal Alteration 
The emplacement of the veins resulted in relative-

ly little alteration of the hornfels wallrock, suggesting 
that the fl ow of hydrothermal solutions through the 
vein-forming structures was relatively short-lived. At 
most, a small seam (<3-5 cm wide, sometimes ab-
sent) of chlorite ± muscovite was found at the bound-
ary between the vein and the hornfels. A single SEM 
analysis from the Charly vein revealed chlorite to be 
Mg-rich, with a calculated Fe/(Fe+Mg) atomic ratio of 
0.15. This ratio is slightly less than that of the pre-

Figure 3. A) Hand sample of typical hornfels country rock. Speci-
men is about 5” wide. B) SEM-BSE image of a dark band in the 
hornfels. C) SEM-BSE image of a light band in the hornfels. 
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cursor actinolite and diopside in the hornfels, which 
had Fe/(Fe+Mg) ratios of 0.22 and 0.28, respectively. 
Therefore some Fe in the hornfels minerals may have 
been scavenged to form Fe-bearing sulfi de minerals. 
The few mafi c dikes that were found in the mine are 
propylitically altered to epidote and chlorite. It is not 
known whether this alteration was associated with the 
main mineralizing event, or was simply a result of the 
dikes heating up and reacting with the surrounding 
groundwaters as they cooled. 

VEIN MINERALOGY

Gangue Minerals
Veins in the Drumlummon Mine are primarily 

quartz and carbonate, the latter being calcite, dolo-
mite, or a combination of the two (table 1). Quartz and 
calcite locally occur as coarse, bladed intergrowths 
(fi g. 4A), a texture that is diagnostic of boiling epith-
ermal fl uids (Simmons and Christenson, 1994, White 
and Hedenquist, 1995). Coarse, euhedral quartz is also 
found in proximity to chalcedony (fi g. 4B), indicat-
ing fl uctuations in temperature and/or rates of silica 
precipitation that are typical of epithermal systems. 
The quartz is mostly milky or clear, although minor 
amounts of amethyst were noted, including at surface 
outcrops of the Drumlummon vein. Calcite and dolo-
mite locally form fi ne masses fi lling pore space that 
are intergrown with fi ne-grained ore minerals. When 
viewed under SEM-BSE, the distribution of ore miner-
als in the carbonate masses resembles a constellation 
of stars (fi g. 5A).   

Although adularia was reported by the mine op-
erators as a common vein mineral at Drumlummon, 
only trace amounts of adularia were found in this 
study. Hand samples of quartz-rich vein material with 
a pinkish hue were tested with HF/Na-cobaltinitrite 
K-feldspar staining, and almost all of these samples 
tested negative. Nonetheless, a few small grains of 
adularia were identifi ed in this study by SEM from 
high-grade ore in the Pixley vein where they occurred 
intergrown with quartz, sulfi des, and electrum. Based 
on SEM-EDS analyses, the adularia grains are close to 
pure KAlSi3O8. 

Ore Minerals
Two stages of ore minerals are present in the veins 

of the Drumlummon Mine, the fi rst being primary 

(hypogene), and the other inferred by mineral textures 
and compositional trends as being secondary (table 1). 
Some minerals are common to both groups (sphaler-
ite, galena, chalcopyrite), whereas others (e.g., silver, 
stromeyerite) are only found in secondary ore.   

Whereas sphalerite, galena, and chalcopyrite are 
ubiquitous in the veins of Drumlummon, pyrite is 
a minor constituent, sometimes completely absent. 
Sphalerite is pale brown to white in color, indicating a 
very low FeS content. Based on SEM-EDX, sphalerite 
grains near pyrite have slightly higher iron content 
(XFeS = 0.013, n = 10) compared to sphalerite from 
veins with no pyrite (XFeS = 0.008, n = 13). Despite 
the abundance of chalcopyrite in the veins, none of 
the sphalerite show “chalcopyrite disease” (i.e., small 
rounded inclusions of chalcopyrite). The sphalerite 
contains signifi cant cadmium, with typical values in 
the range 0.5 to 1.5 at% Cd (Griffi th, 2013).  
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The so-called “ruby silver” minerals pearceite/
polybasite (Ag,Cu)6(As,Sb)2S7(Ag9CuS4) and pyrar-
gyrite/proustite Ag3(Sb,As)S3 are fairly common ore 
minerals in the primary mineral assemblage at Drum-
lummon (fi g. 5B), but are absent from the secondary 
ore. Based on SEM-EDX analysis, pearceite (the As-
rich endmember) is much more common than poly-
basite, whereas pyrargyrite (the Sb-rich endmember) 
is much more common than proustite. It is interesting 
to note that the Drumlummon mine was one of the 
fi rst recorded occurrences of pearceite, and excellent 
specimens collected from the mine were used to help 
determine the mineral’s crystallographic properties 
(Penfi eld, 1896). 

Silver-rich tetrahedrite (Ag>0.4Cu<0.6)6Cu4(Fe,Zn)2(S
b,As)4S13 is a fairly common ore mineral in the prima-
ry assemblage, but is absent from secondary ore (table 
1). The Ag content of the tetrahedrite grains ranged 
between 9 to 15 mol% (Griffi th, 2013). A few samples 
from the Charly vein had enough Ag to be considered 
freibergite, i.e., at least 4 Ag atoms per 13 S atoms in 
the calculated formula (Johnson and others, 1986). 
The Ag content of tetrahedrite tends to vary inversely 
with Zn, whereas Sb is always more abundant than 
As. A few grains of As-rich tennantite were found in 
a single sample from the Charly vein that was rich in 
native silver and stromeyerite. Based on this mineral 
association, tennantite probably belongs in the “late/
shallow” column of the paragenesis (table 1). Com-
pared to tetrahedrite, the Ag-content of tennantite is 
very low. 

Argentite/acanthite (Ag2S) occurs throughout the 
veins in trace to minor amounts, and was often found 
in close proximity to the Ag-sulfosalts and electrum. 
The argentite grains contain low amounts of Cu, with 
Ag/(Ag+Cu) atomic ratios ranging from 0.88 to 1.00. 
A single grain of argentopyrite (AgFe2S3) was found 
in a sample from the Frankie vein that also contained 
abundant argentite.   

Electrum was the only gold-bearing phase found 
in this study. The electrum occurs as amorphous 
grains anywhere from 1 m to 1 mm in diameter, 
the latter being visible in hand sample. Electrum can 
be found associated with any of the common ore 
and gangue minerals, but is especially common near 
Ag-tetrahedrite or Ag-sulfosalts.  In the deeper veins, 
electrum has a mole fraction of gold (XAu) of 0.4 to 
0.6 (Griffi th, 2013). In contrast, some of the shallower 
veins have more Ag-rich electrum, or electrum grains 
that show a wider range in Au:Ag ratio. 

Stromeyerite, AgCuS, was found as irregular-
shaped grains occupying void space between quartz, 
carbonate and other ore minerals, and generally ap-
pears to be late in the paragenesis. Some samples of 
high-grade ore from the Charly vein contained masses 
of stromeyerite up to 0.5 cm in diameter. In refl ected 
light, the stromeyerite was found to exist as oriented 
intergrowths with chalcopyrite and native silver, some-
times with a few small grains of bornite (fi gs. 5D, 5E). 
All stromeyerite grains analyzed in this study were 

Figure 4. A) Thin section of bladed calcite intergrown with quartz. 
B) Thin section (crossed polars) of intergrown quartz, calcite and 
chalcedony.  Field of view in both photos is about 1 cm.   
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very close to the ideal 1:1:1 stoichiometry of AgCuS. 
Ideas on the possible origin of this texture are given 
below.  

Native silver is abundant in some of the high-grade 
ore from Charly 500 and 600 levels, and was rarely 
found in samples unless stromeyerite was nearby. Be-
sides the intergrowths with stromeyerite and chalcopy-
rite, native silver also occurs as narrow rims bounding 
the more common sulfi des, and as irregular veinlets 
cutting across all other minerals. None of these tex-
tures resemble the geometry of primary electrum 
grains, which tend to occur as individual grains that 
are more or less equant in dimension. Whereas elec-

trum showed a wide range in Au:Ag ratio, all analyses 
of native silver were pure Ag with no detectable Au 
or Cu. Native silver ± stromeyerite are rarely found in 
the same sample as Ag-rich tetrahedrite or the Ag-
sulfosalts. These relationships suggest that stromey-
erite and native silver formed as a lower-temperature 
replacement of pre-existing Ag-rich tetrahedrite, and/
or Ag-sulfosalts.

Figure 5. A) SEM-BSE image of dolomite (black) with abundant inclusions metal sulfi des (bright), including chalcopyrite (cpy) and 
argentite (argt). B and C) SEM-BSE images of primary ore, showing sphalerite (sph), tetrahedrite (tet), pyrargyrite (pyrg), galena (gal), 
chalcopyrite (cpy), argentite (argt) and electrum. D and E) Refl ected light photographs of intergrowths of stromeyerite (strm), native 
silver (Ag) and chalcopyrite. E-inset shows a photograph of a tetrahedrite crystal taken from mindat.org. 
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DISCUSSION

Mineralogical Constraints on Temperatures of Vein 
Formation

The ore mineral assemblage at Drumlummon 
can be used to place constraints on the temperature 
and fugacity of S2(g) (fS2, bars) of the hydrothermal 
fl uids. An  fS2-T diagram was constructed (fi g. 6) us-
ing thermodynamic data for metal sulfi des (Barton 
and Skinner, 1979) and electrum (White and others, 
1957). The upper and lower pairs of sphalerite curves 
in fi gure 6 correspond to the minimum and maximum 
value of the mole fraction of FeS (XFeS) for sphalerites 
analyzed in this study where pyrite was nearby. Barton 
and Skinner (1979) give two equations based on dif-
ferent thermodynamic data sources for computing fS2 
based on sphalerite compositions. These are shown in 
fi gure 6 by solid or dashed lines. The Au/Ag ratio of 
electrum coexisting with argentite is also a sensitive 
indicator of fS2 (Gammons and Williams-Jones, 1995). 
Electrum compositions of 40 to 60 atomic% Ag repre-

sent the primary mineralization. To draw the electrum/
Ag2S stability curves in fi gure 6, thermodynamic data 
from White et al. (1957) were used and substituted 
into the acanthite/argentite equations from Barton and 
Skinner (1979).

Based on the thermodynamic constraints imposed 
by the sphalerite and electrum compositional fi elds, 
fi gure 6 shows that the primary mineral assemblage at 
Drumlummon most likely formed at a temperature be-
tween 190 to 340°C. This temperature range overlaps 
with the homogenization temperatures of fl uid inclu-
sions in quartz measured by Griffi th (2013), which 
ranged from 120 to 360°C. Figure 6 also shows the 
inferred conditions for the secondary mineral assem-
blage that contains pure silver coexisting with Fe-poor 
sphalerite. Temperatures below 100°C are indicated by 
this assemblage, which agrees with previous experi-
mental work that has shown that stromeyerite is only 
stable at temperatures less than 90°C (Skinner, 1966).    

Figure 6. fS2-temperature diagram summarizing conditions of formation of primary and second-
ary mineralization at Drumlummon.  The “XAg” curves show equilibrium between argentite and 
electrum with differing mole fraction of Ag.  The “XFeS” curves show equilibrium between pyrite 
and sphalerite with differing mole fraction of FeS. 
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Origin of Stromeyerite/Silver/Chalcopyrite 
Intergrowths

We hypothesize that the fascinating intergrowths 
of stromeyerite+silver+chalcopyrite described earlier 
(fi g. 5E) owe their origin to a late, low-temperature re-
placement of primary Ag-rich tetrahedrite. The follow-
ing equation shows how an oxidizing fl uid could have 
leached antimony and sulfate out of Ag-rich tetrahe-
drite (idealized formula of Cu5Ag5Fe2Sb4S13), forming 
stromeyerite, chalcopyrite, and silver:  

        Cu5Ag5Fe2Sb4S13(s) + 12H2O + 12O2 →  
             3CuAgS(s) + 2CuFeS2(s) + 2Ag(s) + 

4Sb(OH)3(aq) + 6SO4
2- + 12H+

The interesting “zigzag” intergrowth of stromey-
erite, chalcopyrite, and native silver mimics the geo-
metric faces of what could have been a pre-existing 
euhedral crystal of tetrahedrite (see inset to fi g. 5E).  
Furthermore, the proportions of stromeyerite, chal-
copyrite, and silver in the secondary intergrowths are 
close to the 3:2:2 stoichiometry of 
the above equation. 

Depth of Mineralization
Hydrothermal fl uid pressure 

(P, in bars) was estimated from the 
boiling curve for water (fi g. 7). A 
range of temperatures between 250 
and 340°C was used, based on the 
homogenization temperatures of fl u-
id inclusions that showed evidence 
of boiling (i.e., paired liquid-rich 
and vapor-rich inclusions; Griffi th, 
2013). The range in pressures cor-
responding to the L-V curve for this 
temperature range is 40 to 150 bars. 
The depth of formation was estimat-
ed from: depth (m) = P(bars)*10/
density(g/cm3). To approximate 
hydrostatic conditions, an average 
water density value of 0.85 kg/cm3 
was used, which is midway between 
the density of a 260°C fl uid and a 
100°C fl uid. This assumes that the 
water column extended upwards to 
a near-surface boiling hot spring. 

The computed depth values at hydrostatic conditions 
range from 470 to 1760 m.  To determine the depth 
under lithostatic conditions, the same equation was 
used with a rock density of 2.8 kg/cm3 (appropriate 
for hornfels). This gave a depth range of 140 to 540 
m. In reality, the pressure regime probably fl uctuated 
between hydrostatic and lithostatic pressure, as cracks 
were periodically opened and sealed.  Using either 
set of depth estimates, the results of this study are 
consistent with a near-surface, epithermal origin for 
the veins at Drumlummon. Additional evidence sup-
porting the conclusion that the veins are epithermal is 
the fact that most the fl uid inclusions had low salinity, 
falling in the range of 0 to 3 wt% NaCleq, and showed 
no evidence of high CO2 concentrations (Griffi th, 
2013).  

CONCLUSIONS

Based on the results of this study, the veins of the 
Drumlummon mine are most likely of relatively shal-
low, epithermal origin. The primary mineral assem-

Figure 7. Phase diagram for water showing the inferred conditions of primary 
vein mineralization at Drumlummon. 
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blage contains abundant base metals (galena, sphal-
erite, chalcopyrite), electrum, Ag-rich tetrahedrite, 
and Ag-sulfosalt minerals, and most likely formed at 
temperatures between 140 and 350°C, with episodic 
boiling being a major control on ore and gangue min-
eral deposition. Secondary ore includes locally abun-
dant native silver and stromeyerite, and most likely 
formed from more oxidized fl uids at a temperature 
<100°C. Although dates are lacking, the main episode 
of mineralization at Drumlummon is speculated to be 
roughly the same age as the intrusion of nearby Eo-
cene granitoid stocks, including the Bald Butte por-
phyry, a known Mo deposit. The age of later oxidation 
and silver enrichment is less well constrained.  

The epithermal quartz-carbonate veins of the 
Drumlummon mine are somewhat unique in southwest 
Montana, as most other hydrothermal deposits in the 
region are inferred to be of relatively deep origin, such 
as the porphyry-lode deposits of Butte (Rusk and oth-
ers, 2008), the polymetallic veins of the Emery district 
(Zimmerman and others, 2015) and the skarn/replace-
ment/vein deposits of Philipsburg (Holser, 1950). 
Although the large Au-Ag mines at Montana Tunnels 
(Sillitoe and others, 1985) and Golden Sunlight (Por-
ter and Ripley, 1985) were probably epithermal, these 
deposits occur in the form of large breccia pipes, not 
discrete veins. More exploration in the Marysville 
district and surrounding region may yet uncover more 
precious metal “bonanza” veins. 
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ABSTRACT

The Lincoln, Montana area has undergone several 
episodes of glaciation, with each episode showing 
multiple cycles of glacial advance and retreat. Evi-
dence of glaciation observed in fi eld investigations and 
photogeologic mapping include: trimlines, moraines 
(lateral, medial, recessional, and terminal), eskers, 
drumlins, glacial meltwater channels, and ice marginal 
channels. Existing maps of the Lincoln area showed 
geologic contacts and glacial extent. Aerial photo-
graphs and fi eld investigations were used to refi ne the 
mapping of glacial features in the Lincoln area. Ice 
marginal channels showed greater glacial extent than 
previously mapped by Locke and Smith in the Black-
foot River drainage area.

INTRODUCTION

Repeated glacial cycles during the Pleistocene Ep-
och (2.6-0.12 Ma) shaped the landscape of the north-
ern Rocky Mountains of western Montana (Pierce, 
2003). The region north of Lincoln, Montana was 
dominated by continental valley glaciers. Most glacial 
activity in this area has been dated to the Bull Lake 
and Pinedale glaciations.

The extensive Bull Lake glaciation, 200 ka-130 ka, 
extended from northwestern Montana to the Southern 
Rockies of New Mexico, concurrent with the Illinoian 
Stage of the Quaternary Ice Age (Pierce, 2003; Ful-
lerton and others, 2004). The Bull Lake glaciation was 
followed by a warm interglacial period which lasted 
approximately 60,000 years. The Pinedale glaciation 
occurred after this warm period, approximately 30 ka-
10 ka, and primarily consisted of valley glaciers.

The objective of this project was to map the Qua-
ternary glacial deposits and landforms near Lincoln, 
Montana (fi g. 1) and to determine the extent of glacial 

ice in the area. The Lincoln area was chosen because 
previous work had not been conducted on the glacial 
extent in the area specifi cally and the stereo pho-
tos were readily available. The data provide a better 
understanding of the glacial history of the area, the 
extent of glacial ice, and give insight to past climatic 
and geologic events by showing the sequence of when 
they occurred. 

METHODS

Preliminary geologic mapping of the Elliston 
(McDonald and others, in prep.) and Dearborn River 
(Vuke, 2014) 30’ x 60’ quadrangles provided a base 
for glacial features observed in the fi eld, and mapped 
from stereo images. Glacial landforms were mapped 
using color stereo images, taken along several fl ight 
lines during the summer of 2003 (USDA-BLM 16 MT 
100). The photos selected for this study cover an area 
of approximately 300 square miles centered at a point 
northwest of Lincoln, Montana. To increase coverage 
of features on the northern edge of the study area, a set 
of grayscale stereo images taken in 1977 (GS-VELB 
Choteau Quad) was also investigated. Due to the large 
area covered, group participants mapped individual 
north-south fl ight lines and worked together to create 
an overview map. A fi eld trip to the study area con-
fi rmed locations and lithology of numerous glacial 
features.

Features were mapped on acetate overlays of aerial 
photos, then compiled on mylar, scanned, and digi-
tized using ArcGIS. FGDC (Federal Geographic Data 
Committee) glacial and glaciofl uvial symbols were 
used to map glacial features and geologic contacts. 
The mylar map was georeferenced to the 1:24,000 
map of the quadrangles in Montana. Suspected gla-
cial landforms and deposits were compared to known 
examples throughout western Montana (Smith and 
others, 2010).
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DESCRIPTION OF MAPPED GLACIAL 
LANDFORMS

Mapped glacial landforms (fi g. 2) include: lateral, 
terminal, and recessional moraine crests, trimlines, 
glacial stream channels, kettles (within kame and 
kettle topography), modern fault scarps, and landslide 
headwall scarps. Associated glacial, alluvial, and col-
luvial deposits were mapped separately from land-
forms, and include: till, outwash, terraces, drumlins, 
landslide/slump deposits, and modern alluvium. 

Moraines/Moraine Crests
Moraines are sharp-crested landforms composed 

of till that are formed alongside the ablation zone of a 
glacier during movement and melting. Moraine crests 
are linear features on top of the moraine deposits, and 
defi ne the maximum height of the glacial ice through 
periods of glacial advance and retreat. Lateral mo-
raines consist of sediment that has been pushed to the 
sides; these typically indicate the lateral extent of the 
glacier and are parallel to the direction of fl ow. 

Terminal moraines amass at the toe of the glacier 
and are perpendicular to the direction of fl ow; these 
indicate maximum extent of glacial movement into the 
valley. Recessional moraines are terminal moraines 
that formed during a previous standstill or advance of 
a glacier, and were subsequently overridden by anoth-
er glacial advance in which another terminal moraine 
was deposited. These landforms can be completely 
eroded by secondary advances, and may provide 
geomorphological evidence as to the amount and pat-
tern of glacial advances/retreats in the area. Medial 
moraines form at the junction of two glaciers; these 
deposits are often scoured away by later glacial move-
ment or eroded by the melting of glacial ice. 

Lateral moraines are visible in many locations 
in the map area, including along the sides of Beaver 
Creek (fi g. 2). Medial moraines are present in the up-
per Arrastra Creek and Beaver Creek Valleys. Termi-
nal moraines were mapped south of Smith Lake as 
well as in the valley south of Lincoln (fi g. 2), along 
with multiple recessional moraines.

^

#

#

#

Qal

Qgt

Qal

Qgo

Qgt

Qgo

Qgo

Qls

Qls

Qgo

Qal

Qgo

Qgt

Qal

Qaf

Qaf

Qls

Qgo

Qls

Qs

Qal

Qgto

Qgt

Qgt

Qal

Qs

Qal

Qgt

Qgto

Qgt

Qgo Qgt

Qgt

Qgo

Qgo

Qgo

Qgo

Qls

Qal

Qgkt

Qgo

Qal

Qgt

Qgt

Qgt
Qal

Qgt

Qgto

Qal

Qgt

Qgt
Qal

Qal

Arrastra C
reek

Blackfoot River

Be
ar

 G
ul

ch

Beaver CreekRock Creek

Bedrock

Smith Lake

Kleinschmidt Flat

Patterson Prairie

Arrastra Peak

Black Mountain

Stonewall Mountain

Lincoln

£¤200

£¤141

112°40'W

112°40'W

112°50'W

112°50'W113°W

47°N

47°N

0 1 2 30.5
Miles

¯Legend

Landforms
Moraine/Moraine Crest
Arete
Trimline
Drumlin
Esker

Kettle

Head or Main Scarp of Landslide 

Glacial Meltwater Channels

Sackung

Crest of Depositional Landforms

Quaternary Geologic Units

Qaf - Alluvial Fan

Qs - Sediment

Qal - Alluvium

Qgkt - Glacial Kame Terrace

Qgo - Glacial Outwash

Qgt - Glacial Till

Qgto - Glacial Old Till

Qls - Landslide

Figure 2. Geologic and geomorphic map of the Lincoln area. Geologic contacts are modifi ed from McDonald and others (in prep.) and 
Vuke (2014).



50

Vineyard and others, Glacial Geology and Geomorphological Features of the Lincoln Area

Arêtes
Arêtes are sharp, prominent ridges formed by 

bedrock erosion between two or more glacial valleys. 
Arêtes are along the divide south of Copper Lake (fi g. 
1).

Trimlines
Trimlines are linear features following the edge 

of a glacial valley or cirque that defi ne the highest 
point of glacial erosion, and where bedrock erosion 
occurred. These features are evident south of Copper 
Lake on the east side of the glaciated valley, east of 
Coopers Lake between Daly Peak and Arrastra Moun-
tain, along the valley starting at Reservoir Lake, and 
extend southwest past Black Mountain (fi g. 2). Trim-
lines were mapped by tracing the tops of talus slopes 
and extending linear features down-valley.

Eskers
Eskers are elongated sinuous ridges composed of 

stratifi ed glacial till that represent channels formed 
within or below glaciers. These channels accumulate 
sediment that is left behind after the glacier retreats. 
Eskers are noticeable along the western edge of the 
map area near Kleinschmidt Flat, in the glacial till east 
of Smith Lake, and in the valley north of Lincoln (fi g. 
2).

Kame and Kettle Topography
Kame and kettle topography is irregular topogra-

phy representing sediment and ice left behind by the 
retreat of glaciers. Ice blocks can become stranded in 
the sediment, melt, and form depressions known as 
kettles. Kettles are completely or partially fi lled with 
water. Kames form when depressions in glacial ice 
accumulate sediment and leave behind positive topo-
graphic features. This topography is evident east and 
southeast of Kleinschmidt Flat and throughout most of 
the glaciated valleys where till is present (fi g. 2). Only 
large kettles, such as Smith Lake, are shown on the 
map to indicate where this topography exists (fi g. 2).

Landslides and Sackungen 
Landslides are slope failures that result in ground 

movement from higher to lower elevation. Landslide 
deposits consist of rock debris, with coarse cobble 

size, angular rock fragments in a silt or clay matrix, 
which forms hummocky topography. Rock fall and 
rockslide avalanches, slumps, and earthfl ows can pro-
duce similar types of landforms. We mapped landslide 
headscarps, not deposits.

These features were mapped at the base of either 
side of the north-south trending glacial valley to the 
north of Reservoir Lake as well as west of Stonewall 
Mountain. Additional landslides were mapped south of 
the arête near Copper Lake, and between Arrastra Peak 
and Black Mountain and southwest of Lincoln (fi g. 2). 

Sackungen are linear trenches found on the top of 
ridges and as anti-slope scarps along the sides of steep 
valleys. These features are believed to form by large-
scale gravitational spreading and movement along ex-
isting fracture planes. The sackungen in this area may 
have formed from unloading by glacial melting, which 
caused subsequent steepening of the valley (Savage 
and others, 1987). The ridge-top troughs resulted from 
falling of bedrock from each side of the ridge. The 
vertical offset in the anti-slope scarps was a result of 
the tilt of the bedding and uphill erosion (Hippolyte 
and others, 2006). Sackungen are present along the 
crest and the west-facing slope of the north-south 
trending glacial valley north of Reservoir Lake.

Glacial Meltwater Channels and Ice Marginal 
Channels

Glacial meltwater channels are inactive stream 
channels that were formed by glacial activity. In the 
mapped area, meltwater channels accord with ice-
marginal channels. The meltwater channels are typi-
cally located in the center of a valley, whereas the 
ice-marginal channels are located near the sides of the 
glacial valley and are not as preserved as meltwater 
channels. Both forms of these channels are mapped 
extensively in the valley south of Lincoln and Beaver 
Creek valley (fi g. 2). In the Kleinschmidt Flat area, the 
glacial meltwater channels join with underfi t streams. 
Underfi t streams represent channels that previously 
hosted greater glacial discharge, and now are occupied 
by streams of greatly diminished fl ow.

Crests of Depositional Landforms
Crests of depositional landforms are undifferenti-

ated constructional features such as lateral or medial 
moraines, drumlins, and eskers. In most cases these 
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features are linear, irregularly-shaped, and parallel 
to glacial fl ow. These features were mapped north of 
Lincoln in the glacial till and in Arrastra Creek valley 
(fi g. 2). 

Drumlins are small depositional landforms of 
streamlined till that form within a retreating glacier 
and record the fi nal direction of glacial fl ow. We 
mapped these features north of Bear Gulch and in the 
southern end of the glacial outwash in Arrastra Creek 
valley (fi g. 2).

DESCRIPTION OF MAPPED GLACIAL 
DEPOSITS 

Glacial Till (fi g. 2 map units Qgt & Qgto)
Till is composed of gravel and poorly-sorted sedi-

ment deposited by glaciers. It is commonly associated 
with areas of hummocky kame and kettle topography, 
eskers, and moraines. Till contacts were modifi ed from 
preliminary mapping done in Beaver Creek valley by 
McDonald and others (in prep.). Till was differentiated 
as younger (Qgt) and older (Qgto) to delineate differ-
ent periods of glaciation.

Glacial Outwash (fi g. 2 map unit Qgo)
Glacial outwash deposits are lower elevation 

plains formed by deposition of glacial sediments from 
meltwater at the terminus of a glacier. These deposits 
contain well-sorted, fl at-lying sediments in the bot-
toms of valleys. They are usually related to kame and 
kettle topography and glacial till deposits. Typically, 
till is deposited when the glacier is advancing, and 
outwash is deposited when the glacier is retreating. 
Outwash deposits are found in Patterson Prairie and 
in Arrastra Creek valley (fi g. 2). In an area northeast 
from Lincoln, the amount of outwash deposits was 
reduced from preliminary mapping by McDonald and 
others (in prep). 

Alluvium (fi g. 2 map unit Qal)
Alluvium is loose unconsolidated sediments 

reworked by recent stream and fl uvial activity. We 
remapped a large part of the Blackfoot River plain 
shown as glacial outwash (Qgo) on McDonald and 
others (in prep) to younger alluvial sediments (Qal).

DISCUSSION

Repeated glaciations effi ciently removed bedrock 
from the mountains north of Lincoln that formed 
extensive glacial deposits to the south. In the Lincoln 
valley, lateral moraines, recessional moraines, and 
streamlined depositional landforms represent small-
scale glacial advances, retreats, and associated sedi-
ment deposition. 

McDonald and others (in prep.) mapped several 
deposits such as Quaternary glacial till (Qgt), Quater-
nary glacial outwash (Qgo), and Quaternary alluvium 
(Qal). Photogeologic mapping and fi eld investigations 
of the area showed that the contact locations of the 
deposits needed to be reevaluated and relocated. The 
Qal boundary was changed considerably to map the 
meander scars of the Blackfoot River. The boundary 
for Qgt was extended to include the kame and kettle 
topography. Older Quaternary glacial till was mapped 
as Qgto. The classifi cation of this unit was necessary 
to explain the differences between the till to the north 
and south of Lincoln valley.

Peripheral to the main valley glaciers were glacial 
meltwater channels that likely migrated throughout 
the areas affected in response to glacial advances and 
retreats. The Blackfoot River was forced to the south 
during major glacial advances. Moraines, streamlined 
depositional landforms, and ice-marginal channels in 
the valley provide evidence of glacial advance from 
the north-northeast into the valley south of Lincoln 
(fi g. 3). Older glacial till south of these channels was 
from previous glaciations but is not verifi ed by this 
study. Extensive alluvium fi lls much of the valley sur-
rounding Lincoln (fi g. 2).

Glaciers left behind trimlines and distinct lateral 
moraines along the sides of the valley. Terminal or 
recessional moraines are not readily visible; any termi-
nus was likely later eroded by outwash fl ow. Drumlins 
were mapped in the Arrastra Creek valley and north of 
Bear Gulch. These landforms were denoted as till and 
glacial outwash in mapping by McDonald and others 
(in prep.). 

Kleinschmidt Flat is the major low-lying region 
along the western edge of the mapped area. The sur-
face of the fl at is marked by a very shallow fan of gla-
cial outwash that radiates from the valley containing 
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the North Fork of the Blackfoot River. Kleinschmidt 
Flat is unlike any other landforms in the area. It is a 
distinctly smooth feature, bordered on the northwest 
and southeast by hummocky kame and kettle topogra-
phy and eskers. The present courses of the North Fork 
of the Blackfoot River and the Rock Creek drainages 
surround the Kleinschmidt Flat (fi g. 1). These streams 
are both underfi t, indicating their channels contained 
greater fl ow in the past. A possible explanation is that 
Kleinschmidt Flat area was the result of an outburst 
fl ood, additional work would be needed to investigate 
this possibility. 

Landslides have modifi ed the glacial terrain 
throughout the mapped area. The majority of the 
landslides within the study area lack vegetation, which 
indicates that they are recent and not related to degla-
ciation of the area. The majority of the landslides are 
on north-facing slopes, and some may be related to 
logging activity. Landslides are also present on east 
and west facing slopes, and may be associated with 
gravitational spreading. 

CONCLUSIONS

 Distribution of ice and ice fl ow directions were 
more accurately mapped.

 We refi ned the contacts between till, outwash, and 
alluvium.

 We mapped a variety of landforms and depositional 
features.

  Older till and trimlines are indications of multiple 
glaciations for the area. The valley east of Klein-
schmidt Flat may have been fi lled with ice during 
the Bull Lake glaciation as indicated by the pres-
ence of trimlines and moraines.

 Ice marginal channels south of Lincoln show the 
Blackfoot River may have fl owed continually dur-
ing glaciation but may have been dammed by the 
glacier in the Beaver Creek valley.
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INTRODUCTION

The Mesoproterozoic era falls in the period be-
tween 1.85 to 0.85 Ga called “the boring billion”, 
sandwiched between the rise of multi-cellularity and 
animals in the Neoproterozoic and the Great Oxygen-
ation Event and rise of oxygen in the Paleoproterozoic 
(Holland, 2006). However, important evolutionary 
developments occurred over the period with the rise 
of eukaryotes and macroscopic organisms (Knoll and 
others, 2006). The Belt Supergroup contains some of 
the early micro- and macrofossils that have been at-
tributed to eukaryotes (Horodyski and others, 1989). 
One particularly well-studied example is found in the 
Greyson Shale of the Helena Embayment region in 
southwestern Montana (fi g. 1a). First identifi ed by 
Charles Doolittle Walcott (1899) and later renamed 
(Walter and others, 1976), Grypania spiralis is a 
curved or coiled ribbon, 0.2 to 1.7 mm wide, and 6 to 
14 mm in coiled diameter, and has been interpreted as 
eukaryotic algae as well consortia of several micro-
scopic organisms (Horodyski and others, 1989; Knoll 
and others, 2006; Walter and others, 1976). 

Due to our understanding of eukaryotic phylogeny, 
the fact that most modern eukaryotes are aerobic, and 
the requirement of oxygen in making certain biologi-
cal compounds (sterols) contained in eukaryotes, 
eukaryotes have been tied to oxygenic conditions (e.g. 
Brocks and others, 2003; Embley and Martin, 2006; 
Raymond and Blankenship, 2004). Therefore, there 
is a need to understand more about the environmental 
conditions in which early macroscopic organisms lived 
to understand the pacing of eukaryotic evolution and 
how it might have been aided, frustrated, or unaffected 
by changing environmental conditions during the 
Proterozoic.However, understanding the redox state of 
ancient oceans has been a longstanding problem since 
a good oxygen barometer has not yet been developed. 

In general, geologists and geochemists have looked 
at iron, sulfur, and other redox sensitive elements as 
records of oxygen levels, but these approaches often 
give discordant answers. Some studies have suggested 
a fully oxygenated mid-Proterozoic ocean (Cloud, 
1968; Holland, 1984, 2006), while others have sug-
gested a stratifi ed system with anoxic and/or euxinic 
deep oceans (Canfi eld, 1998; Poulton and Canfi eld, 
2011). Aerobic/oxic environments are defi ned as hav-
ing >80 μM O2, anoxic/ferruginous have <5 μM O2, 
and euxinic environments are anoxic with H2S also 
present (Raiswell & Canfi eld 1998). 

Even within the subset of studies focused on 
samples of the Belt Supergroup, there have been 
confl icting hypotheses about redox conditions. Due to 
their preservation and low metamorphic grade (Duke 
and Lewis, 2010), the strata contained in the Helena 
Embayment, specifi cally the shale-dominated New-
land Formation, have been the main target for under-
standing the ancient redox character and geochemistry 
of the Belt Basin. Sulfate concentrations and sulfur 
isotopes (Gellatly and Lyons, 2005; Luepke and Ly-
ons, 2001; Lyons and others, 2000) as well as presence 
of basin-wide sedimentary laminations in the shales of 
the Newland and Prichard Formations similar to those 
found in the Black Sea (Lyons and others, 2000) were 
initially argued as evidence of a chemically strati-
fi ed euxinic basin during deposition of the lower Belt 
Supergroup. Bottom water suboxic to euxinic condi-
tions were also suggested by the high (several wt.%) 
organic content observed in shales (Lyons and others, 
2000), and the syndepositional to early diagenetic 
abundant pyrite and sulfi de-hosted base metal deposits 
of Cu, Co, and Ag (Graham and others, 2012; White 
and others, 2014). Others suggested the euxinic condi-
tions forming early diagenetic pyrite were restricted to 
pore waters (Schieber, 1989c). 
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In sharp contrast, iron speciation results indicate 
anoxic and ferruginous conditions for basinal waters 
of the lower Belt Supergroup (Planavsky and others, 
2011). Iron speciation is a recently-developed bulk 
geochemical technique that uses sequential extrac-
tion to estimate proportions of different reactive iron 
minerals within a given rock sample (Poulton and 
Canfi eld, 2005), which are then mapped to redox con-
ditions based on empirical calibrations from modern 
sediment samples. Additionally, recent nitrogen iso-
tope measurements of samples from the Chamberlain, 
Greyson and Newland formations suggest oxygenated 
portions of the water column (Stüeken, 2013). 

In this study, we focus on samples of the Newland 
Formation from the Black Butte Deposit in the Helena 
Embayment since previous workers investigating mid-
Proterozoic redox conditions used drill core specimens 
from this deposit to avoid complications of recent 
surface oxidation (Gellatly and Lyons, 2005; Luepke 
and Lyons, 2001; Lyons and others, 2000; Planavsky 
and others, 2011). To help reconcile the different redox 
interpretations and test the iron speciation results, we 
investigated the iron mineralogy of the Newland For-
mation using a range of petrographic, spectroscopic, 
and rock magnetic techniques that help shed light on 
both the paleoenvironmental processes of iron depo-
sition in the sediments as well as post-depositional 
modifi cations to those phases. 

Bulk rock magnetism experiments provide sensi-
tive techniques to identify ferromagnetic minerals, 
including magnetic iron sulfi de phases. Magnetic iron 
sulfi des such as pyrrhotite have not previously been 
identifi ed in materials collected from the Newland 
Formation, but have been widely observed throughout 
correlative units elsewhere in the lower Belt Super-
group (e.g. Luepke, 1999; Luepke and Lyons, 2001; 
Slotznick and others, in review). Much of the pyrrho-
tite in the rock record is interpreted to be due to the 
metamorphic alteration of pyrite or precipitation from 
high temperature fl uids (Craig and Vokes, 1993; Hall, 
1986); and pyrrhotite observed in Belt strata refl ects 
both of these post-depositional processes (Luepke, 
1999). Pyrite can transform to pyrrhotite beginning at 
200°C (Hall, 1986) if a suitable reducing environment 
or organic matter is present, although some experi-
ments suggest even lower temperature transitions are 
possible (Moreau and others, 2005; Raub and others, 
2012). Thus the presence of pyrrhotite can provide a 

tool for understanding metamorphic temperatures and 
metasomatic conditions of the Newland Formation at 
the Black Butte Deposit, aiding us in recognizing if 
bulk geochemical proxies have been compromised by 
post-depositional alteration. 

Additionally, synchrotron-based X-ray spectros-
copy provided a complimentary tool to discover and 
image a wide range of non-magnetic iron minerals 
such as chalcopyrite and pyrite while confi rming the 
presence or absence of pyrrhotite. By applying these 
paired magnetic and spectroscopic techniques to the 
Belt Supergroup, we should be able to improve upon 
previous bulk geochemical studies in deducing how 
iron was being deposited and transformed in the envi-
ronment to reconstruct ancient redox conditions.

GEOLOGIC SETTING

The Helena Embayment is an E-W trending limb 
of the larger Belt Basin, with strata broadly correlative 
to three of the four stratigraphic groups recognized 
elsewhere in the basin: lower Belt Group, Ravalli 
Group, Middle Belt Carbonate Group (fi g. 1a; Graham 
and others, 2012; Winston and Link, 1993). Fine-
grained siliciclastics and carbonates dominate the 
lower Belt in the northern part of the Helena Em-
bayment near the Black Butte Deposit (fi g. 1b). The 
Neihart Quartzite is a basal quartz arenite sandstone 
with planar and trough cross-bedding, parallel lamina-
tion, and lenses of pebbles lying unconformably on 
early Proterozoic gneiss basement (Schieber, 1989b; 
Walcott, 1899). Overlying the Neihart quartzite, the 
Chamberlain Formation is a wavy laminated to bed-
ded black shale, siltstone and sandstone with lenses of 
molar tooth hash near the top (Zieg, 1986). The Cham-
berlain Formation grades into the Newland Formation. 
The Newland Formation varies considerably in thick-
ness across the Embayment from 610 m to over 3000 
m, but is approximately 1,100 m in the region of the 
Black Butte Cu-Co-Ag deposit near the northern mar-
gin of the Helena Embayment (Nelson, 1963; Walcott, 
1899; Zieg, 1986). 

The Newland Formation is subdivided into two 
informal members: a lower parallel-laminated shale 
interbedded with debris fl ows, turbidites, and carbon-
ates and an upper shale with more abundant carbonate 
beds (Zieg, 1986). Conformably overlying the New-
land Formation is the Greyson Formation of wavy 
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Figure 1. a) Map showing the extent of Belt Supergroup outcrops and the location of the Black Butte Deposit within the Helena Embay-
ment. b) General stratigraphic column of Belt Supergroup strata in the Black Butte Deposit region of the Helena Embayment with height 
in meters. Note: USZ = Upper Sulfi de Zone, MSZ = Middle Sulfi de Zone, LSZ = Lower Sulfi de Zone. c) Geologic Map of the Black Butte 
Deposit region with locations of all drill cores drilled by Tintina Resources Inc. and Cominco American Inc. and labels for the drill cores 
that were sampled in this study.
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laminated siltstone and dark shale, which as been as-
signed by some to the lower Belt Group (Graham and 
others, 2012; Ross and Villeneuve, 2003; Winston and 
Link, 1993) and by others to the Ravalli Group (Har-
rison, 1972; Mudge and others, 1968). The red silt-
stone and claystone Spokane Formation overlies the 
Greyson Formation as part of the Ravalli Group. The 
Empire Formation (Ravalli Group) and the Helena 
Formation (Middle Belt Carbonate) are also exposed 
in the Helena Embayment, but these two units are not 
present in the Black Butte region. Instead, the Spokane 
is uncomfortably overlain by the Cambrian Flathead 
Sandstone (fi g. 1b; Deiss, 1935).

BLACK BUTTE DEPOSIT

The strata-bound Black Butte Cu-Co-Ag Deposit 
occurs in the Newland Formation associated with 
spectacular synsedimentary pyrite-rich horizons that 
extend over a 25 km by 8 km area, although the main 
ore mineralization is localized to a fault-bounded 
block 8 km by 4 km (fi g. 1c). Three mineralized 
zones occur in the lower member, which are separated 
stratigraphically by approximately 600 m and divided 
by the Volcano Valley Fault (VVF). They have been 
named the Johnny Lee Upper Sulfi de Zone (USZ), the 
Lowry Middle Sulfi de Zone (MSZ) and the Johnny 
Lee Lower Sulfi de Zone (LSZ) (fi g. 1b, 2; Zieg and 
others, 2013). The MSZ is still being studied and 
explored, and no samples were collected from it: this 
study focuses on the relatively well-characterized 
Johnny Lee deposits. 

Petrographic analyses have shown that the min-
eralization within the USZ and LSZ zones is distinct 
texturally and mineralogically although both contain 
abundant early and late diagenetic pyrite and early 
diagenetic barite (Graham and others, 2012). Much of 
the early diagenetic pyrite is framboidal or occurs in 
small fi ne-grained aggregates including small circular 
tubes proposed to refl ect pyritized microbial fi laments 
(McGoldrick and Zieg, 2004) and chimneys (Present 
and others, in prep). The early diagenetic pyrite is in-
terpreted to form from fault controlled iron-rich fl uids 
moving through the sedimentary pile and venting at or 
just below the sediment surface at low temperatures 
(Graham and others, 2012; White and others, 2014), or 
from diagenetic transformations of detrital iron oxides 
under conditions of microbial sulfate reduction in shal-
low pore fl uids (Schieber, 1989c). Based on framboi-

dal textures, a general lack of base metal enrichments, 
and S isotopes, several authors have extended these 
arguments to suggest water-column precipitation of 
pyrite from euxinic bottom waters (Lyons and others, 
2000; White and others, 2014). 

A secondary diagenetic phase, especially prevalent 
in the USZ, formed overgrowth rims and coarse ce-
ments of pyrite. Sulfur isotope data implies the sulfur 
for these secondary pyrites was sourced from seawater 
(Zieg and Leitch, 1999). Some galena and sphalerite 
phases occurring in the USZ are tied to diagenetic 
fl uids, but these minerals are not prevalent especially 
when compared to surrounding non-mineralized strata; 
Pb and Zn are not yet recognized in economic concen-
trations (Graham and others, 2012; White and others, 
2014). 

Although many Co-Ni-As-Cu rich sulfi des formed 
relatively early during diagenesis in the USZ, a third 
mineralization event prior to lithifi cation in both 
zones created most of the chalcopyrite as well as some 
chalcocite, bornite, tennenite, cobaltite, and chlorite 
(LSZ only) while remobilized base metals in the USZ 
formed siegenite (White and others, 2014). The LSZ 
contains a higher percentage of chalcopyrite than the 
USZ, although more mineralization results in a higher 
tonnage for the USZ. Thermodynamic calculations 
suggest these hydrothermal fl uids were between 125°C 
and 225°C (White and others, 2014). In late post-
lithifi cation events, dolomite and ankerite (USZ only) 
precipitated within the mineralized zones (Graham and 
others, 2012). 

METHODS

Samples from near both the USZ and LSZ were 
collected and analyzed to understand the richness in 
iron mineralization processes in the Newland Forma-
tion in this part of the Belt basin (fi g 2). Twenty-fi ve 
quarter-core block samples were collected in July 
2013 from 4 different cores housed in the Tintina Re-
sources, Inc. core shed, White Sulphur Springs, MT. 
Samples were cut using a non-magnetic brass blade 
into 3 cm by 2 cm billets, and made into polished thin 
or thick sections for further analyses. Table 1 sum-
marizes the sample data for the 11 samples from 10 
quarter-cores that were analyzed in detail. 

Non-destructive rock magnetic experiments were 
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performed on thick sections or billets returned from 
thin sections for all 11 samples using a 2G Enterprises 
SQuID magnetometer following the RAPID protocols, 
and analyzed using the RAPID Matlab (The Math-
works, Inc.) scripts (Kirschvink and others, 2008). The 
RAPID protocol used here includes measurements of 
alternating fi eld (AF) demagnetization of the natural 
remanent magnetization (NRM), anhysteretic rema-
nent magnetization (ARM) acquisition and demag-
netization, isothermal remanent magnetization (IRM) 
acquisition and demagnetization, backfi eld IRM acqui-
sition, and rotational remanent magnetization (RRM) 
acquisition and demagnetization. Combined, these 
measurements quantify fundamental properties that 
can be used to distinguish different ferromagnetic min-
erals present in the samples (e.g. Peters and Dekkers, 
2003). The destructive rock magnetic technique of 
KappaBridge thermal susceptibility was measured 

on neighboring specimens for one sample using an 
AGICO MFK1-FA KappaBridge and resulting data 
were analyzed in Matlab. Ultra-high resolution scan-
ning SQuID Microscopy (UHRSSM) was performed 
on 5 of the sections with 100 μm pixels after giving 
them an IRM to locate and image ferromagnetic grains 
at the microscale.

Additional chemical imaging techniques were 
employed to study the non-magnetic iron- and sulfur-
bearing mineral phases. Transmitted and refl ected light 
microscopy was used to observe petrographic textures 
and preliminarily identify mineralogy. High-energy 
synchrotron-based microprobe X-ray ray fl uorescence 
(XRF) at 13500 or 20200 eV was used to map elemen-
tal abundances with 35 μm pixels across regions in 10 
representative sections at beamline 10-2 at the Stan-
ford Synchrotron Radiation Lightsource. Additionally, 

Table 1: Detailed Sample Data 

Sample Name Drill 
Core 

GPS of Drill Core 
Collar 

Sulfide 
Zones 

Depth of Billet 
(m) Stratigraphy Description 

T029-56 SC11-029 N 46° 46' 54.8" 
W 110° 54' 46.33" USZ, LSZ 56.475-56.50 Upper Newland 

right above USZ 

Early unfilled circular tube network 
of iron sulfides 1-4mm in diameter 
with .5mm thick walls in larger 
massive sulfide zone 

T029-61.21 SC11-029 N 46° 46' 54.8" 
W 110° 54' 46.33" USZ, LSZ 61.205-61.235 Upper Newland 

right above USZ 

Early diagenetic barite laths with 
differential compaction of laminated 
dolomitic shale with intergrown sub-
parallel iron sulfide blebs rimmed 
with altered barite 

T095-38 SC11-095 N 46° 46' 44.76" 
W 110° 55' 32.7" USZ 38.70-38.76 Upper Newland 

far above USZ 

Grey laminated silty dolomitic shale 
with abundant dolomite veins and 
iron oxide along fracture surfaces 

T095-53 SC11-095 N 46° 46' 44.76" 
W 110° 55' 32.7" USZ 53.50-53.56 Upper Newland 

far above USZ 
Black laminated dolomitic shale with 
disseminated iron sulfides 

T095-140.36 SC11-095 N 46° 46' 44.76" 
W 110° 55' 32.7" USZ 140.375-

140.405 Upper Newland 

Early diagenetic iron sulfide nodules 
with differential compaction, 
laminae, and wavy laminae in larger 
massive sulfide zone, minor altered 
barite 

T095-156 SC11-095 N 46° 46' 44.76" 
W 110° 55' 32.7" USZ 156.815-

156.845 Upper Newland 

Large iron sulfide bleb within cross-
cutting late iron sulfide band in 
micro-faulted grey laminated 
dolomitic shale 

T095-389 SC11-095 N 46° 46' 44.76" 
W 110° 55' 32.7" USZ 389.22-389.255 Upper Newland 

right above USZ 

Grey laminated dolomitic shale with 
small debris flows and early  iron 
sulfide broken tubes, complete to 
disaggregated framboids, and fine-
grained laminations  

T101-389 SC12-101 N 46° 46' 53.15" 
W 110° 54' 21.17" LSZ 389.935-389.96 Lower Newland in 

LSZ 

Multiple generations of cross-cutting 
sulfides (up to 3mm blebs) in heavily 
recrystallized dolomite and shale 
within larger massive sulfide zone 

T101-390 SC12-101 N 46° 46' 53.15" 
W 110° 54' 21.17" LSZ 390.085-390.11 Lower Newland in 

LSZ 

Multiple generations of cross-cutting 
sulfides in heavily recrystallized 
dolomite and shale within larger 
massive sulfide zone 

T112-334 SC12-112 N 46° 46' 51.53" 
W 110° 53' 58.67" LSZ 334.62-334.64 

Lower Newland in 
Volcano Valley 
Fault Shear Zone 

Black laminated shale with 
disseminated iron sulfides 

T112-384 SC12-112 N 46° 46' 51.53" 
W 110° 53' 58.67" LSZ 384.43-334.49 Lower Newland 

right  below LSZ 

Sheared black and grey silty shale 
with intergrown iron sulfide blebs 
(<1mm) and disseminated iron 
sulfides  
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synchrotron-based X-ray near-edge absorption spec-
troscopy (XANES/XAS) at sulfur energies (2400-2500 
eV) was paired with redox imaging at the S K-edge 
using a new lower energy X-ray microprobe (beamline 
14-3) to collect both full spectra and multiple energy 
maps with 4 μm resolution and determine the mineral 
chemistry (oxidation state, orbital electronics, type and 
number of neighbors) while retaining textural informa-
tion. Differences in the shape of these K-edge absorp-
tion spectra allow us to easily distinguish between a 
wide range of materials (Fleet, 2005; Mosselmans and 
others, 1995). Paired with end-member XANES spec-
tra, the absorptions at multiple excitation energies in 
diagnostic regions of the XANES spectrum were col-
lected and fi t to create large maps of the mineralogy in 
samples. Principle component analysis of this multiple 
energy data was used to target and check for additional 
minerals. Chalcopyrite and pyrrhotite have similari-
ties in their S K-edge spectra and thus the elemental 
maps made by high-energy XRF at 10-2 were used to 
evaluate the abundance of Cu. Synchrotron XANES 
and XRF analyses were performed at the Stanford 
Synchrotron Radiation Lightsource. Additional petro-
graphic observations and mineral identifi cations were 
made using a ZEISS 1550VP FESEM, scanning elec-
tron microscope in the Caltech GPS Division Analyti-
cal Facility. This instrument is paired with an Oxford 
X-Max SDD X-ray Energy Dispersive Spectrometer 
(EDS) system and was used to determine X-ray spec-
tra of elemental abundance at sub-micron sized spots 
on 3 thin sections to confi rm the presence of chalcopy-
rite and galena implied from synchrotron data.

RESULTS

Rock magnetic techniques both confi rmed previ-
ous observations (Graham and others, 2012; White 
and others, 2014) and highlighted the presence of iron 
mineralization not previously described in the New-
land Formation shales at the Black Butte Deposit. 

Rotational Remanent Magnetization (RRM)
The presence of RRM can be used to identify 

magnetic iron-sulfi de phases like pyrrhotite, although 
the sensitivity limits are not well understood (Snow-
ball, 1997; Thomson, 1990). RRM is acquired during 
the application of an alternating fi eld of 90 mT (950 
Hz) perpendicular to the spin axis of a sample while it 
is rotating at a given speed. Studies have shown that 
BRRM (normalized fi eld strength of acquired RRM) 

varies with speed and direction of rotation so the sam-
ple is rotated clockwise and counterclockwise from 0 
to 20 revolutions per second, rps (e.g. Suzuki and oth-
ers, 2006). Two samples, T029-56 and T095-140.36, 
indicated strong evidence for magnetic iron sulfi des, 
BRRM > ± 20 μT at 5 rps (Potter and Stephenson, 
1986; Suzuki and others, 2006), while the rest of the 
samples showed no signs of RRM with BRRM  ≈ 0 
(fi g. 3a). Importantly, UHRSSM imaging revealed 
the ferromagnetic grains in these two samples to be 
located in epoxy-fi lled holes (fi g. 4cd) created either 
for standard emplacement of a pyrite grain for textural 
S isotope analyses (Present and others, in prep) or to 
fi ll porous textures when making thin sections, dem-
onstrating that these grains are contaminants (metal al-
loys can produce strong RRM, Snowball, 1997). Thus, 
there is no evidence of magnetic iron sulfi des in the 
Newland Formation, including the mineralized zones 
associated with the Black Butte Deposit.

Coercivity of Remanence Acquisition
The coercivity of remanence acquisition (Hcr’), 

defi ned as the magnetic fi eld required to permanently 
fl ip half of the magnetic moments in a mineral, is a 
useful property to differentiate ferromagnetic minerals 
(Peters and Dekkers, 2003). Overall a measurement of 
how easily a mineral becomes magnetized, it is deter-
mined by taking the derivative of the acquisition of 
IRM curve and deconvolving the spectra into distinct 
peaks of different fi eld strengths, which are the differ-
ent coercivities of the mineral assemblage (Heslop and 
others, 2002; Robertson and France, 1994). Goethite 
is easily identifi ed with coercivities over 1000 mT, 
and the range of 140-800 mT is unique for hematite. 
However, extensive data collection has shown that the 
coercivity ranges for hematite, magnetite, titanomag-
netite, greigite and pyrrhotite overlap between 16-140 
mT—though the averages of hematite (270 mT), pyr-
rhotite (53 mT), greigite (75 mT) are higher than those 
for magnetite and titanomagnetite (30 mT). Thus min-
eral identifi cations solely using Hcr’ for identifi cation 
have some margin of error and benefi t from additional 
analyses (table 2). 

Notably, three groups of ferromagnetic mineralogy 
can be separated based on Hcr’ and stratigraphic/litho-
logic information (fi g. 3b). All of the samples collect-
ed far outside the strongly mineralized sulfi de zones 
(T095-38, T095-53, T112-334, T112-384) primarily 
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Figure 3. Rock magnetic data from shale samples of the Newland Formation. a) Rotational remanent magnetization (RRM) data to 
assess the presence or absence of magnetic iron sulfi de phases. Negative spin speed indicated counter-clockwise rotation around the 
spin axis when the perpendicular alternating fi eld is applied. All 11 samples are plotted, but only 2 of the samples are clearly visible 
since most of the samples have BRRM ≈ 0 at all spin speeds. b) Data showing the derivative of the isothermal remanent magnetiza-
tion (IRM) of all samples to determine the coercivity of remanence (Hcr’) and from this information the ferromagnetic mineralogy. The 
applied fi eld (B, x-axis) at the peaks of the spectra is the Hcr’. c) Results of representative samples from the Lowrie-Fuller test to inform 
domain state and grain size based on the relative strength of the IRM vs. the ARM curves as measured by the fraction of total magneti-
zation (frac. mag., Y-axis) when a specifi c demagnetizing fi eld is applied (B, x-axis). d) Results from the Fuller test to provide insight into 
the origins (detrital, chemical, thermal) of magnetization based on the ratio of the NRM (y-axis) to IRM (x-axis). The ratio of ARM:IRM is 
also plotted using the same axes.

contain fi nely disseminated pyrite and show very simi-
lar mid-coercivity peaks interpreted to be magnetite. 
Sample T095-38 also shows a striking high-coercivity 
goethite peak; this sample contains fractures mineral-
ized with oxides seen in hand sample and described 
in the core log for this stratigraphic height. Sample 
T029-61.21 has early diagenetic pyrite textures with 
minimal secondary recrystallization and contains the 
same magnetite mid-coercivity peak as the four sam-
ples described above. The other three samples exhibit-
ing early diagenetic textures (T029-56, T029-140.36, 

T095-389), including the two samples with known 
ferromagnetic contamination, have slightly higher co-
ercivity spectra. While T095-389 did not show RRM, 
it does have an epoxied hole with a standard, which 
could be contaminated by a ferromagnetic mineral/
alloy similar to samples T029-140.36 and T095-389. 
Therefore we interpret the characteristic slightly 
higher Hcr’ peak of these three samples to be due to 
contamination and not representative of early textures. 
Lastly, three samples display multiple generations of 
sulfi de-bearing minerals including late displacive and 
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replacive textures (T095-156, T101-389, T101-390). 
These samples show a range of mid- to low-coercivity 
spectra suggesting larger grain size and/or multi-do-
main magnetite (Peters and Dekkers, 2003).

Lowrie-Fuller Test
To further examine the grain size and magnetic 

domain state, we employed a rock magnetic technique 
called the Lowrie-Fuller test—a measure of ferromag-
netic grain size based on the relative stability of IRM 
versus ARM to applied demagnetizing AF (Lowrie and 
Fuller, 1971; Xu and Dunlop, 1995). In single domain 
grains, ARM is more stable and less easily demagne-
tized than IRM, while in larger multidomain grains, 
IRM is more stable and less easily demagnetized using 
AF than ARM. Although the exact physics are poorly 
understood, if the ARM is consistently stronger than 
the IRM then single domain or pseudo single domain 
(<10 μm) particles probably represent the majority of 
the magnetized minerals in a sample. While most of 
the samples appear to contain single-domain or pseu-
do-single domain particles, T095-156 (which had low 
coercivity spectra) does contain multi-domain grains 
(fi g. 3c). T095-38 also is shown to contain multi-do-
main grains, but this sample contains goethite, which 
would bias the Lowrie-Fuller test toward multi-do-
main results. From this data, multi-domain magnetite 
is more common in samples with replacive textures 

suggesting it could have formed from recrystalliza-
tion or authigenic precipitation—this can be tested if it 
shows a chemical remanent magnetization. 

Fuller Test of NRM
Magnetite appears to be the primary ferromagnetic 

component in the majority of the Newland Formation 
shale samples. As a result, we can apply a useful rock 
magnetic experiment called the Fuller Test of NRM to 
determine if the magnetization carried by the magne-
tite is detrital or chemical in origin. This test uses the 
ratio of the NRM:IRM compared to empirical calibra-
tions and synthetic ARM:IRM relationships of a given 
sample (Fuller and others, 1988; Fuller and others, 
2002). Empirical calibrations on rocks with magnetite 
as the primary ferromagnetic mineral suggest that the 
weak NRM:IRM ratios of 1:1000 occur in sedimenta-
ry rocks with detrital remanent magnetization formed 
during primary deposition and ratios of 1:10 repre-
sents chemical remanent magnetization when mag-
netite has grown in situ or authigenically in a sample 
(Fuller and others, 2002). The ARM:IRM curve is 
used for comparison to demonstrate which changes in 
the shape of the curve are characteristic of the sample. 
Most samples of the Newland Formation show an 
NRM:IRM ratio of 1:1000, which is consistent with 
weak detrital remanent magnetization (fi g. 3d). T112-
334 shows indication of chemical remanent magneti-

Table 2: Mineralogical Identifications from Samples of Newland Formation from Black Butte Deposit 

Sample name Bulk Techniques S XANES and EDS High-Energy XRF 

Mag Goe Pyr Cont Py Pyr FerS CuPy Cov Gal SO4 AsPb Cu Zn Ni 

T029-56 X X* X* X* X* X X t 

T029-61.21 X X X t X X 

T095-38 X X X X X t 

T095-53 X X X X X X t 

T095-140.36 X X 

T095-156 X X t 

T095-389 X X* X* X* X X X 

T101-389 X X X X X X X 

T101-390 X X X t 

T112-334 X X X X X X t 

T112-384 X t t t 

Abbreviations: XANES = X-ray Absoption Near Edge Spectroscopy, EDS = X-ray Energy Dispersive Spectroscopy, XRF = X-ray Fluorescence, 
Mag = Magnetite, Goe = Goethite, Pyr = Pyrrhotite, Cont = Contamination, Py = Pyrite, FerS =Ferric Disulfide, CuPy = Chalcopyrite, Cov = 
Covellite, Gal = Galena, SO4 = Sulfate often Barite, AsPb = Arsenic and/or Lead 

For XRF, t=trace, X = important mineral constituent 

* Data from Present et al., in prep based on reflected light petrography
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Figure 4. Parts a-d show UHRSSM magnetic microscopy images of ferromagnetic minerals. Hot and cool colors refl ect magnetic vec-
tors out of and into the page, respectively. e) Map of T101-389 showing scattered dipoles focused in fi ne-grained regions. f) Scattered 
dipoles including some that trend with post-depositional crosscutting features, such as pointed out by arrows, in T112-334. g) Image 
of T029-56 showing dipoles in epoxied holes around iron sulfi de tube network that refl ect contaminant phases introduced via standard 
preparation. h) Map of T095-140.36 showing single strong dipole in epoxied drill hole with pyrite standard that refl ect contaminant 
phases introduced during preparation. Parts e-h show paired refl ected light microscopy or photograph on the left-top and multiple-
energy maps fi t to minerals using end-member S XANES spectra on the right-bottom. Samples are oriented with correct up direction; 
an arrow marks the up direction for part c a) Two mapped regions of T101-389 contain multiple generations of sulfi de phases including 
chalcopyrite, pyrite, and a unique ferric disulfi de. b) Map of T026-61.21 with barite laths surrounded by early diagenetic pyrite in layers. 
c) Disseminated pyrite grains with associated sulfate and distinct sulfate domains in T095-53. d) Disseminated pyrite with low abun-
dance sulfur in matrix in T112-334. Scale bar provided for each image or image pair.
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zation, in which magnetite is an authigenic phase that 
either grew during early diagenesis or during a later 
diagenetic mineralization. UHRSSM maps showed the 
locations of disperse dipoles of ferromagnetic grains 
throughout samples in fi ne-grained material, located 
close to and far from secondary cross-cutting textures, 
consistent with a detrital origin (fi g. 4a,b). However, 
due to the sub-micron size of these grains, the ferro-
magnetic minerals in the regions with dipoles could 
not be visualized via petrography.

KappaBridge Thermal Susceptibility 
To further study the magnetite, a neighboring sam-

ple from T101-389 was used for destructive thermal 
susceptibility experiments using a KappaBridge. Pow-
dered rock was slowly heated from -190°C to 700°C 
and then cooled to 40°C while the susceptibility from 
a weak induced fi eld was measured at 20 second in-
tervals. Susceptibility measures the ability of a sample 
to be magnetized in the presence of an applied fi eld. 
Thus it is a magnetic measurement that integrates the 
entire assemblage of minerals in a sample, although 
ferromagnetic minerals usually dominate the signal. 
Changes in susceptibility during heating and cooling 
are produced by mineralogical transformations within 
the sample. A drop in susceptibility at 580°C indicates 
the presence of magnetite as it becomes paramagnetic 
at its Curie temperature (fi g. 5a). The low-temperature 
Verwey transition typical for magnetite at -150°C as it 
transforms from weakly magnetic monoclinic magnet-
ic structure and to ferromagnetic cubic structure was 

not observed in this sample; either it was suppressed 
due to low abundance with other phases dominating 
the signal, or the magnetite contains a small weight 
percent titanium (Kozłowski and others, 1996; Mos-
kowitz and others, 1998). A slight drop in susceptibil-
ity at 80°C is suggestive of goethite decomposing and 
reacting with sulfur to form pyrite or decomposition of 
titanomagnetite (Charilaou and others, 2011; Minyuk 
and others, 2013). Although the typical pyrite/chal-
copyrite decomposition peak to magnetite is not seen 
(Li and Zhang, 2005; Minyuk and others, 2013), some 
new magnetite and a substantial amount of pyrrho-
tite were formed after heating to 700°C in an argon 
atmosphere based on the fact that the cooling curves 
increase in susceptibility during cooling with distinct 
peaks at 580°C and at 320°C the respective Curie tem-
peratures for those minerals (fi g. 5b). The creation of 
these minerals suggests there were non-magnetic iron 
sulfi des in these samples that transformed into mag-
netic minerals during the heating process.

X-Ray Spectroscopy
Iron sulfi de phases were visually identifi ed in all 

of the samples using light microscopy. We used X-
ray spectroscopy, specifi cally XANES and XRF, to 
evaluate the exact chemical composition and crystal 
structure of these phases (table 2). Ferrous disulfi de 
was identifi ed as the major sulfi de-bearing phase in 
all the samples (fi g. 6). The ferrous disulfi de minerals 
marcasite and pyrite have similar S K-edge spectra 

Figure 5. KappaBridge results for a representative shale sample, T101-389. a) Magnetic susceptibility during heating from -190°C to 
700°C. b) Magnetic susceptibility during cooling from 700°C to 23°C. Note the different y-axis scale as there is increased susceptibility 
during this cooling phase. Data are normalized to the blank, an empty specimen holder measurement. Arrows mark the Curie tempera-
ture of magnetite (580°C) while the star marks the Curie temperature of pyrrhotite (320°C).
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Figure 6. Synchrotron S K-edge XANES spectra for phases iden-
tifi ed in all samples. An unnamed unique mineral, a ferric disulfi de 
not previously found in natural samples, is identifi ed based off 
its K-edge spectra, which shows Fe+3 bonding with di-sulfi de 
valence sulfur.

using XANES and can only be readily distinguished 
by the Fe L-edge (Mosselmans and others, 1995) or 
X-ray diffraction, which were not measured here. 
However, petrography shows that the disulfi des phases 
present in these samples are pyrite. Chalcopyrite was 
observed as a major component of T101-389 (fi g. 4e, 
6). Sulfate salts were also identifi ed in many of the 
samples including laths of barite that show differential 
compaction of sedimentary laminae (fi g. 4f, 6). How-
ever, in the samples with disseminated pyrite, small 
domains of sulfate (10-20 μm in size) were found both 
alone and associated with pyrite, suggesting some of 
the sulfate minerals could be iron sulfates instead of 
barite (fi g. 4g,h, 6). EDS and high-energy XRF maps 
were used to confi rm the presence of chalcopyrite (as 
opposed to pyrrhotite); however, the XRF maps also 

highlight interesting patterns in base metal mineral-
ization. Some replacive pyrite grains contain greater 
amounts of As, Pb, Zn, or Cu (fi g. 7 d,e,g), while other 
regions hosted chalcophile metals as dominant cations 
in sulfi de phases like Cu in chalcopyrite ( fi g. 7a-f,h). 
Microprobe X-ray spectroscopy paired mapping capa-
bilities, coupled with traditional petrographic and bulk 
chemical techniques, provide an exciting new tool for 
mineral analysis opening new avenues for inquiry into 
trace metal abundances, redox states and gradients, 
and mineral phase identifi cation.

DISCUSSION AND CONCLUSIONS

Bulk rock magnetic techniques employed in this 
study confi rm the absence of pyrrhotite in shales of 
the Newland Formation near the Black Butte Deposit, 
in contrast to its ubiquitous presence in correlative 
units at higher metamorphic grades to the northwest 
(Slotznick and others, in review). This result confi rms 
that these rocks have not been heated to very high 
temperatures, and while hydrothermal fl uids did cause 
overprinting and recrystallization of sulfi de phases, 
no pyrrhotite was formed with this mineralization. 
This is important for bulk geochemical studies such as 
iron speciation (Planavsky and others, 2011) because 
pyrrhotite may be misplaced in sequential chemical 
extraction with the magnetite fraction and/or result in 
incorrect iron calculations due to its unique chemistry 
during the pyrite extraction—both could make a basin 
appear more ferruginous than it was by incorrectly 
identifying the iron mineralogy (Asael and others, 
2013; Schumann and others, 2012)). Samples collect-
ed far outside the massive sulfi de mineralization zones 
contain early diagenetic disseminated pyrite grains 
(Schieber, 1989a); copper, zinc, and lead sulfi des are 
rare in these areas but their presence still signals some 
mineralization extends beyond the regions of econom-
ic interest. Sulfi de phases tied to these hydrothermal 
fl uids should be taken into account when using Belt 
strata to interpret the ancient redox conditions and 
processes operating in the Belt Basin, because these 
phases show iron was mobile and likely advected from 
elsewhere in the sediment pile. The hydrothermal 
fl uids could have also sourced iron for some of the 
magnetite present in the samples and/or been respon-
sible for recrystallization processes. 

The identifi cation of magnetite in Newland Forma-
tion shales provides important insights into the redox 
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Figure 7. High-Energy XRF maps of metal abundances (right-bottom) shown alongside a light scan of a given sample in thick or thin 
section (left-top). Samples are oriented with correct up direction; an arrow marks the up direction for part e. a) Unfi lled tubular network 
of iron sulfi de cements with small inclusions of Pb- and Cu-bearing minerals in T029-56. b) Early diagenetic and recrystallized barite 
containing trace Sr with sub-parallel pyrite blebs and small Cu-bearing minerals in T029-61.21. c) Disseminated pyrite with distinct Zn 
and Cu minerals that show mineralization associated both along lamination and crosscutting features in T112-334. d) Multiple genera-
tions of sulfi des including pyrite and chalcopyrite with As- and Pb-rich grains, zones of fi nely disseminated grains, and zones within 
euhedral grains in T101-389 e) Closer look at multiple generations of iron sulfi des and chalcopyrite with As- and Pb-rich grains and 
zones in larger grains in T101-390. f) Dolomite vein containing iron oxide with As-, Pb-, and Zn-rich minerals associated with smaller 
non-dolomitized fractures and/or laminations in T095-38. g) Vertical dolomitic veins cut Pb-rich pyrite bleb within a crosscutting pyrite 
aggregate in a laminated dolomitic shale in T095-156. h) Intraformational detrital iron sulfi des parallel to, and deforming shale laminates 
with small amounts of galena in T095-389.
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character and mode of iron delivery in this part of the 
Belt Basin. Rock magnetic experiments indicate that 
magnetite is primarily detrital in origin, with limited 
evidence for authigenic magnetite in some samples. 
Though pyrite is commonly the most abundant iron-
bearing mineral present in these diagenetically sta-
bilized lithologies, detrital magnetite represents an 
important sedimentary vector for iron delivery to this 
basin that is not a direct measure of redox conditions 
in seawater. Furthermore, detrital iron oxides might 
bias iron speciation data toward compositions that ap-
pear more anoxic and ferruginous (Planavsky and oth-
ers, 2011); during deposition Belt Basin waters could 
have either been more oxic or more euxinic depending 
on the relative abundances of these oxides and other 
iron-bearing minerals. Petrography and X-ray imaging 
reveal that pyrite is ever-present as small framboids 
and disseminated grains exhibiting textures that are 
consistent with the formation of much of this pyrite in 
the water column or in sediments during early dia-
genesis (Graham and others, 2012; Schieber, 1989a; 
Wilkin and others, 1996). We speculate that detrital 
iron oxides were an important source of reactive iron 
for early pyrite formation (e.g. Canfi eld and Berner, 
1987; Reynolds and others, 2000; Schieber, 1989c). 
Many samples (not just limited to economically mean-
ingful sulfi de mineralization zones) show additional 
sulfi de phases in late diagenetic textures that mark 
iron sourced by hydrothermal fl uids. If iron sources 
did not limit early pyrite formation more broadly, 
perhaps this was limited by the abundance of H2S in 
the bottom water, bacterial sulfate reduction/sulfur 
oxidation rates, and/or sedimentation rates. More work 
is needed to better understand the interplay between 
these factors (Present and others, in prep), but what is 
clear at present is that we do not see clear evidence for 
the ferruginous water column conditions during the 
depositional of Newland Formation shales put forward 
on the basis of iron speciation data (Planavsky and 
others, 2011). 

Based on our observations, we hypothesize that 
bottom waters in Helena Embayment during the 
deposition of the Newland Formation were suboxic 
or possibly euxinic (Gellatly and Lyons, 2005; Ly-
ons and others, 2000), and that detrital fl uxes played 
an important role in delivery of iron into the Helena 
Embayment, much of which was transformed into 
pyrite during sulfate reduction associated with early 
diagenesis of these organic-rich sediments (Lyons and 

others, 2000; Strauss and Schieber, 1990). This is a 
similar mode of iron deposition and pyrite production 
today in modern euxinic basins and anoxic pore waters 
in marine sediments (e.g. Berner, 1984), and implies a 
degree of continuity of redox conditions and processes 
operating in large sedimentary basins over the past one 
and a half billion years. 

ACKNOWLEDGMENTS

We thank John Grotzinger, Ted Present, Andy 
Knoll, Ken Williford and the members of the 2013 
Agouron Field Course for assistance with sample 
collection. Support for this work was provided by the 
Agouron Institute, Tobacco Root Geological Society 
Scholarship, Belt Association Student Research Grant, 
the David and Lucile Packard Foundation (W.W.F.), 
NSF Graduate Research Fellowship program (S.P.S.), 
and NASA Earth and Space Fellowship (S.P.S.). Por-
tions of this research were carried out at the Stanford 
Synchrotron Radiation Lightsource, a Directorate of 
SLAC National Accelerator Laboratory and an Offi ce 
of Science User Facility operated for the U.S. Depart-
ment of Energy Offi ce of Science by Stanford Univer-
sity. 

REFERENCES

 Asael, D., Tissot, F. L., Reinhard, C. T., Rouxel, O., 
Dauphas, N., Lyons, T. W., Ponzevera, E., Lior-
zou, C., and Chéron, S., 2013, Coupled molybde-
num, iron and uranium stable isotopes as oceanic 
paleoredox proxies during the Paleoproterozoic 
Shunga Event: Chemical Geology, v. 362, p. 193-
210. 

Berner, R. A., 1984, Sedimentary pyrite formation: an 
update: Geochimica et Cosmochimica Acta, v. 48, 
no. 4, p. 605-615.

 Brocks, J. J., Buick, R., Summons, R. E., and Logan, 
G. A., 2003, A reconstruction of Archean biologi-
cal diversity based on molecular fossils from the 
2.78 to 2.45 billion-year-old Mount Bruce Su-
pergroup, Hamersley Basin, Western Australia: 
Geochimica et Cosmochimica Acta, v. 67, no. 22, 
p. 4321-4335.

 Canfi eld, D., 1998, A new model for Proterozoic ocean 
chemistry: Nature, v. 396, no. 6710, p. 450-453.

 Canfi eld, D. E., and Berner, R. A., 1987, Dissolution 
and pyritization of magnetite in anoxie marine 



69

Slotznick and others, Iron Mineralogy and Redox Chemistry of the Mesoproterozoic Newland Formation

sediments: Geochimica et Cosmochimica Acta, v. 
51, no. 3, p. 645-659.

 Charilaou, M., Löffl er, J., and Gehring, A., 2011, Fe–
Ti-O exchange at high temperature and thermal 
hysteresis: Geophysical Journal International, v. 
185, no. 2, p. 647-652.

 Cloud, P. E., 1968, Atmospheric and Hydrospheric 
Evolution on the Primitive Earth: Science, v. 160, 
no. 3829, p. 729-736.

 Craig, J. R., and Vokes, F. M., 1993, The metamor-
phism of pyrite and pyritic ores: an overview: 
Mineralogical Magazine, v. 57, no. 1, p. 3-18.

 Deiss, C., 1935, Cambrian-Algonkian unconformity in 
western Montana: Geological Society of America 
Bulletin, v. 46, no. 1, p. 95-124.

 Duke, E. F., and Lewis, R. S., 2010, Near infrared 
spectra of white mica in the Belt Supergroup and 
implications for metamorphism: American Miner-
alogist, v. 95, no. 7, p. 908-920.

 Embley, T. M., and Martin, W., 2006, Eukaryotic 
evolution, changes and challenges: Nature, v. 440, 
no. 7084, p. 623-630.

 Fleet, M. E., 2005, XANES spectroscopy of sulfur in 
earth materials: The Canadian Mineralogist, v. 43, 
no. 6, p. 1811-1838.

 Fuller, M., Kidane, T., and Ali, J., 2002, AF demagne-
tization characteristics of NRM, compared with 
anhysteretic and saturation isothermal remanence: 
an aid in the interpretation of NRM: Physics and 
Chemistry of the Earth, v. 27, no. 25-31, p. 1169-
1177.

 Gellatly, A. M., and Lyons, T. W., 2005, Trace sulfate 
in mid-Proterozoic carbonates and the sulfur iso-
tope record of biospheric evolution: Geochimica 
et Cosmochimica Acta, v. 69, no. 15, p. 3813-
3829.

 Graham, G., Hitzman, M. W., and Zieg, J., 2012, Geo-
logic Setting, Sedimentary Architecture, and Para-
genesis of the Mesoproterozoic Sediment-Hosted 
Sheep Creek Cu-Co-Ag Deposit, Helena Embay-
ment, Montana: Economic Geology, v. 107, no. 6, 
p. 1115-1141.

 Hall, A. J., 1986, Pyrite-pyrrhotine redox reactions in 
nature: Mineralogical Magazine, v. 50, p. 223-
229.

 Harrison, J. E., 1972, Precambrian Belt basin of north-

western United States: Its geometry, sedimenta-
tion, and copper occurrences: Geological Society 
of America Bulletin, v. 83, no. 5, p. 1215-1240.

 Heslop, D., Dekkers, M., Kruiver, P., and Van 
Oorschot, I., 2002, Analysis of isothermal rema-
nent magnetization acquisition curves using the 
expectation-maximization algorithm: Geophysical 
Journal International, v. 148, no. 1, p. 58-64.

 Holland, H. D., 1984, The chemical evolution of the 
atmosphere and oceans, Princeton University 
Press.

Holland, H.D., 2006, The oxygenation of the atmo-
sphere and oceans: Philosophical Transactions of 
the Royal Society B: Biological Sciences, v. 361, 
no. 1470, p. 903-915.

 Horodyski, R. J., Winston, D., and Whipple, J. W., 
1989, Paleontology of the middle Proterozoic 
belt supergroup, in Winston, D., Horodyski, R. 
J., and Whipple, J. W., eds., Middle Proterozoic 
Belt Supergroup, Western Montana: Great Falls, 
Montana to Spokane, Washington: 28th Interna-
tional Geological Congress, Field Trip Guidebook 
T334, p. 7-26.

 Kirschvink, J. L., Kopp, R. E., Raub, T. D., Baumgart-
ner, C. T., and Holt, J. W., 2008, Rapid, precise, 
and high-sensitivity acquisition of paleomagnetic 
and rock-magnetic data: Development of a low-
noise automatic sample changing system for 
superconducting rock magnetometers: Geochem-
istry Geophysics Geosystems, v. 9, no. 5.

 Knoll, A. H., Javaux, E. J., Hewitt, D., and Cohen, 
P., 2006, Eukaryotic organisms in Proterozoic 
oceans: Philosophical Transactions of the Royal 
Society B: Biological Sciences, v. 361, no. 1470, 
p. 1023-1038.

 Kozłowski, A., Kakol, Z., Kim, D., Zalecki, R., and 
Honig, J., 1996, Heat capacity of Fe 3-α M α O 4 
(M= Zn, Ti, 0⩽ α⩽ 0.04): Physical Review B, v. 
54, no. 17, p. 12093.

 Li, H. Y., and Zhang, S. H., 2005, Detection of Miner-
alogical Changes in Pyrite Using Measurements 
of Temperature-Dependence Susceptibilities: 
Chinese Journal of Geophysics, v. 48, no. 6, p. 
1454-1461.

 Lowrie, W., and Fuller, M., 1971, Alternating fi eld 
demagnetization characteristics of multidomain 
thermoremanent magnetization in magnetite: 



70

Slotznick and others, Iron Mineralogy and Redox Chemistry of the Mesoproterozoic Newland Formation

Journal of Geophysical Research, v. 76, no. 26, p. 
6339-&.

 Luepke, J. J., 1999, Goechemical trends in shales of 
the Belt Supergroup, Northwestern US: a marine 
model for the evolution of the Mesoproterozoic 
weatern Laurentian Margin [M.S. thesis: Univer-
sity Missouri-Columbia, 133 p.

 Luepke, J. J., and Lyons, T. W., 2001, Pre-Rodinian 
(Mesoproterozoic) supercontinental rifting along 
the western margin of Laurentia: geochemical 
evidence from the Belt-Purcell Supergroup: Pre-
cambrian Research, v. 111, no. 1, p. 79-90.

 Lyons, T. W., Luepke, J. J., Schreiber, M. E., and Zieg, 
G. A., 2000, Sulfur geochemical constraints on 
Mesoproterozoic restricted marine deposition: 
lower Belt Supergroup, northwestern United 
States: Geochimica et Cosmochimica Acta, v. 64, 
no. 3, p. 427-437.

 McGoldrick, P., and Zieg, J., Massive microbes from 
the Mesoproterozoic of Montana, in Proceedings 
17th Australia Geological Geological Convention 
Hobart, Australia, 2004, Volume 73, p. 100.

 Minyuk, P., Tyukova, E., Subbotnikova, T., Kazansky, 
A. Y., and Fedotov, A., 2013, Thermal magnetic 
susceptibility data on natural iron sulfi des of 
northeastern Russia: Russian Geology and Geo-
physics, v. 54, no. 4, p. 464-474.

 Moreau, M., Ader, M., and Enkin, R., 2005, The 
magnetization of clay-rich rocks in sedimentary 
basins: low-temperature experimental formation 
of magnetic carriers in natural samples: Earth and 
Planetary Science Letters, v. 230, no. 1, p. 193-
210.

 Moskowitz, B. M., Jackson, M., and Kissel, C., 1998, 
Low-temperature magnetic behavior of titano-
magnetites: Earth and Planetary Science Letters, 
v. 157, no. 3, p. 141-149.

 Mosselmans, J., Pattrick, R., Van der Laan, G., Char-
nock, J., Vaughan, D., Henderson, C., and Garner, 
C., 1995, X-ray absorption near-edge spectra 
of transition metal disulfi des FeS2 (pyrite and 
marcasite), CoS2, NiS2 and CuS2, and their iso-
morphs FeAsS and CoAsS: Physics and Chemis-
try of Minerals, v. 22, no. 5, p. 311-317.

 Mudge, M. R., Erickson, R. L., Kleinkopf, M. D., and 
Zartman, R. E., 1968, Reconnaissance geology, 
geophysics, and geochemistry of the southeastern 

part of the Lewis and Clark Range, Montana.
 Nelson, W. H., 1963, Geology of the Duck Creek Pass 

quadrangle, Montana, U.S. Geological Survey 
Bulletin, Volume 1121-J, p. 56.

 Peters, C., and Dekkers, M., 2003, Selected room 
temperature magnetic parameters as a function of 
mineralogy, concentration and grain size: Physics 
and Chemistry of the Earth, Parts A/B/C, v. 28, 
no. 16, p. 659-667.

 Planavsky, N. J., McGoldrick, P., Scott, C. T., Li, C., 
Reinhard, C. T., Kelly, A. E., Chu, X., Bekker, A., 
Love, G. D., and Lyons, T. W., 2011, Widespread 
iron-rich conditions in the mid-Proterozoic ocean: 
Nature, v. 477, no. 7365, p. 448-451.

 Potter, D., and Stephenson, A., 1986, The detection of 
fi ne particles of magnetite using anhysteretic and 
rotational remanent magnetizations: Geophysical 
Journal International, v. 87, no. 2, p. 569-582.

 Poulton, S. W., and Canfi eld, D. E., 2005, Develop-
ment of a sequential extraction procedure for iron: 
implications for iron partitioning in continentally 
derived particulates: Chemical Geology, v. 214, 
no. 3, p. 209-221.

 Poulton, S.W., and Canfi eld, D.E., 2011, Ferrugi-
nous conditions: a dominant feature of the ocean 
through Earth’s history: Elements, v. 7, no. 2, p. 
107-112.

 Present, T. M., Slotznick, S. P., Creveling, J. R., 
Bergmann, K. D., Meyers, C. E., Williford, K. 
H., Fischer, W. W., Knoll, A. H., Grotzinger, J. P., 
and A., Z. G., in prep, Porous macroscopic pyrite 
networks in a Mesoproterozoic SEDEX massive 
sulfi de deposit.

 Raub, T., Johnson, S. C., and Raub, T. D., 2012, Rock 
magnetic detection of the pyrite-to-pyrrhotite 
reduction: applications to hydrocarbon maturity, 
mineral resources, and biogeochemistry, Ameri-
can Geophysical Union, Fall Meeting: San Fran-
cisco, CA, p. GP34A-08.

 Raymond, J., and Blankenship, R. E., 2004, Biosyn-
thetic pathways, gene replacement and the antiq-
uity of life: Geobiology, v. 2, no. 4, p. 199-203.

 Reynolds, R. L., Rosenbaum, J. G., Sweetkind, D. S., 
Lanphere, M. A., Roberts, A. P., and Verosub, K. 
L., 2000, Recognition of primary and diagenetic 
magnetizations to determine the magnetic polarity 
record and timing of deposition of the moat-fi ll 



71

Slotznick and others, Iron Mineralogy and Redox Chemistry of the Mesoproterozoic Newland Formation

rocks of the Oligocene Creede Caldera, Colorado: 
Geological Society of America Special Papers, v. 
346, p. 77-93.

 Robertson, D., and France, D., 1994, Discrimination 
of remanence-carrying minerals in mixtures, 
using isothermal remanent magnetisation acquisi-
tion curves: Physics of the Earth and Planetary 
Interiors, v. 82, no. 3, p. 223-234.

 Ross, G. M., and Villeneuve, M., 2003, Provenance of 
the Mesoproterozoic (1.45 Ga) Belt basin (west-
ern North America): Another piece in the pre-Ro-
dinia paleogeographic puzzle: Geological Society 
of America Bulletin, v. 115, no. 10, p. 1191-1217.

 Schieber, J., 1989a, Facies and origin of shales from 
the mid-Proterozoic Newland Formation, Belt 
Basin, Montana, USA: Sedimentology, v. 36, no. 
2, p. 203-219.

 Schieber, J., 1989b, The origin of the Neihart Quartz-
ite, a basal deposit of the Mid-Proterozoic Belt 
Supergroup, Montana, USA: Geological Maga-
zine, v. 126, no. 03, p. 271-281.

 Schieber, J., 1989c, Pyrite mineralization in microbial 
mats from the mid-Proterozoic Newland Forma-
tion, Belt Supergroup, Montana, USA: Sedimen-
tary geology, v. 64, no. 1, p. 79-90.

 Schumann, R., Stewart, W., Miller, S., Kawashima, N., 
Li, J., and Smart, R., 2012, Acid–base accounting 
assessment of mine wastes using the chromium 
reducible sulfur method: Science of the Total 
Environment, v. 424, p. 289-296.

 Slotznick, S. P., Winston, D., Webb, S. M., Kirschvink, 
J. L., and Fischer, W. W., in review, Iron mineral-
ogy and redox conditions during deposition of 
the Mesoproterozoic Appekunny Formation, Belt 
Supergroup, Glacier National Park Geological 
Society of America Special Paper.

 Snowball, I. F., 1997, The detection of single-domain 
greigite (Fe3S4) using rotational remanent mag-
netization (RRM) and the effective gyro fi eld 
(Bg): mineral magnetic and palaeomagnetic appli-
cations: Geophysical Journal International, v. 130, 
no. 3, p. 704-716.

 Strauss, H., and Schieber, J., 1990, A sulfur isotope 
study of pyrite genesis: the Mid-Proterozoic 
Newland Formation, Belt Supergroup, Montana: 
Geochimica et Cosmochimica Acta, v. 54, no. 1, 
p. 197-204.

 Stüeken, E. E., 2013, A test of the nitrogen-limitation 
hypothesis for retarded eukaryote radiation: ni-
trogen isotopes across a Mesoproterozoic basinal 
profi le: Geochimica et Cosmochimica Acta, v. 
120, p. 121-139.

 Suzuki, Y., Kopp, R. E., Kogure, T., Suga, A., Takai, 
K., Tsuchida, S., Ozaki, N., Endo, K., Hashimoto, 
J., and Kato, Y., 2006, Sclerite formation in the 
hydrothermal-vent “scaly-foot” gastropod—pos-
sible control of iron sulfi de biomineralization by 
the animal: Earth and Planetary Science Letters, 
v. 242, no. 1, p. 39-50.

 Thomson, G. F., 1990, The anomalous demagnetiza-
tion of pyrrhotite: Geophysical Journal Interna-
tional, v. 103, no. 2, p. 425-430.

 Walcott, C. D., 1899, Pre-Cambrian fossiliferous for-
mations: Geological Society of America Bulletin, 
v. 10, no. 1, p. 199-244.

 Walter, M., Oehler, J. H., and Oehler, D. Z., 1976, 
Megascopic algae 1300 million years old from the 
Belt Supergroup, Montana: a reinterpretation of 
Walcott’s Helminthoidichnites: Journal of Paleon-
tology, p. 872-881.

 White, J., Gammons, C. H., and Zieg, G., 2014, Para-
genesis of cobalt and nickel in the Black Butte 
shale-hosted copper deposit, Belt Basin, Montana, 
USA: Mineralium Deposita, v. 49, no. 3, p. 335-
351.

 Wilkin, R., Barnes, H., and Brantley, S., 1996, The 
size distribution of framboidal pyrite in modern 
sediments: an indicator of redox conditions: Geo-
chimica et Cosmochimica Acta, v. 60, no. 20, p. 
3897-3912.

 Winston, D., and Link, P., 1993, Middle Proterozoic 
rocks of Montana, Idaho and eastern Washington: 
the Belt Supergroup: Precambrian: Conterminous 
US: The Geology of North America, v. 2, p. 487-
517.

 Xu, S., and Dunlop, D. J., 1995, Toward a better un-
derstanding of the Lowrie-Fuller test: Journal of 
Geophysical Research: Solid Earth (1978–2012), 
v. 100, no. B11, p. 22533-22542.

 Zieg, G., and Leitch, C., The geology of the Sheep 
Creek copper deposit, Meagher County, Montana, 
in Proceedings Belt Symposium III Abstracts, 
1993: Montana Bureau of Mines and Geol-
ogy1999, Volume 381.



72

Slotznick and others, Iron Mineralogy and Redox Chemistry of the Mesoproterozoic Newland Formation

 Zieg, G., Scartozzi, V., Chutas, N., Albers, D., Gos-
tomski, K., and Jones, J., 2013, Black Butte cop-
per deposits, lower Belt Supergroup, Montana: 
Northwest Geology, v. 42, p. 131-147.

 Zieg, G. A., 1986, Stratigraphy and sedimentology 
of the Middle Proterozoic Newland Limestone: 
Montana Bureau of Mines and Geology Special 
Publication, v. 94, p. 125-141.



7373Northwest Geology, v. 44, 2015, p. 73–88 The Journal of the Tobacco Root Geological Society

THE HOODOO IS THE SWAUGER AND OTHER HERESIES: LEMHI SUBBASIN 
CORRELATIONS AND STRUCTURES, EAST-CENTRAL IDAHO

Russell F. Burmester,1,3 Reed S. Lewis,1 Jeffrey D. Lonn,2 and Mark D. McFaddan1,4

1Idaho Geological Survey, University of Idaho, Moscow, Idaho 83844-3014; 2Montana Bureau of Mines and 
Geology, Montana Tech, Butte, Montana 59701; 3Geology, Western Washington University, Bellingham, Wash-
ington 98225-9080, russb@wwu.edu; 4Natural Sciences Division, North Idaho College, Coeur d’Alene, Idaho 
83814

ABSTRACT

Recent stratigraphic study of Mesoproterozoic 
rocks in east-central Idaho has resulted in new correla-
tions of strata in the Lemhi and Beaverhead ranges, 
with speculation of correlations of those strata with 
rocks in the Salmon River Mountains. At least part of 
the Hoodoo Formation exposed over Taylor Moun-
tain, and some strata mapped as Gunsight Formation 
southeast of there, can be shown to correlate with 
the Swauger Formation of the Lemhi Group, and by 
reason of proximity and similarity, at least part of the 
type Hoodoo Formation is or includes strata of the 
Swauger Formation. The upper part of the Swauger 
Formation of Taylor Mountain is interbedded with and 
overlain by rocks with characteristics of the Lawson 
Creek Formation, above which are thick sequences of 
thinly laminated siltite, pinch and swell quartzite, silt-
ite and argillite couplets and couples, hummocky cross 
laminated very fi ne-grained feldspathic quartzite and a 
fi ner and biotitic quartzite interval. Map units for these 
strata are, in ascending order, the coarse siltite, banded 
siltite, Lake Mountain, and Trapper Gulch members of 
the Apple Creek Formation. Thus, the Hoodoo Forma-
tion cannot correlate with the Big Creek Formation 
in the Lemhi Group, which is well below the Lawson 
Creek and Swauger formations. Also, detrital zircon 
ages from the Apple Creek strata are too young to 
support previous correlations with Piegan or Ravalli 
group units of the Belt Supergroup. Instead, all the 
Mesoproterozoic strata of the Salmon River Moun-
tains, Lemhi Range and Beaverhead Mountains are 
equivalent to strata of the Missoula Group. Correla-
tion of the thick strata of the Lemhi subbasin with the 
thinner units of the upper part of the Belt Supergroup 
requires fundamentally different depositional rates and 
histories, consistent with the Salmon River Mountains 
hosting the latest depocenter of Belt Supergroup strata. 
The late and rapid subsidence of this region may be 
intimately related to the genesis and localization of the 

1380–1370 Ma mafi c and A-type granitic magmas that 
intruded these rocks.

INTRODUCTION AND ORGANIZATION

The area around Salmon, Idaho (fi g. 1), including 
parts of the Beaverhead Mountains to the east, Lemhi 
Range to the south, and Salmon River Mountains to 
the west, hosts extensive exposures of mostly fi ne-
grained feldspathic quartzite, siltite and argillite that 
are part of the Mesoproterozoic Belt-Purcell Super-
group. Nomenclature and correlation of their stratigra-
phy has been somewhat of a random walk, resulting in 
a confusing array of stratigraphic and structural con-
fi gurations. The history of mapping and stratigraphic 
studies that led to the present confusion in correlation 
of units in the mountains around Salmon, Idaho, was 
eloquently and humorously summarized at the end of 
the 20th century in Winston and others (1999). A ma-
jor improvement at the time was recognition that the 
Hoodoo Formation was not within the Yellowjacket 
Formation, which left the type Yellowjacket below the 
Hoodoo and the units above renamed members of the 
“Cobalt Yellowjacket” (fi g. 2a). The next breakthrough 
was recognition that some of the supra-Hoodoo units 
were correlative with members of the type Apple 
Creek Formation developed by Tysdal (Tysdal, 1996a, 
b; Tysdal and Moye, 1996) in the Lemhi Range. 
Extending those members into the Salmon River 
Mountains (Tysdal and others, 2000) was the fi rst step 
in tearing down the walls between ranges. A remain-
ing obstacle was that the type Apple Creek Formation 
had been miscorrelated with strata below the Gunsight 
Formation farther south. That mix-up shuffl ed the 
deck, making it appear that the Hoodoo Formation 
was in the same stratigraphic position as the Big Creek 
Formation. Reinterpretation of unit relationships with-
out that miscorrelation raised the type Apple Creek 
Formation above the Swauger and overlying Lawson 
Creek formations, and greatly simplifi ed stratigraphic 
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Figure 1. Location map showing areal limit of present outcrops of Belt-Purcell 
Supergroup strata and the boundary between Belt basin and Lemhi subbasin 
deposits (dash-dot line). Speckled pattern approximates the Lewis and Clark 
fault zone. Lighter shaded areas are Cretaceous through Eocene plutonic rocks; 
darker shaded Dillon block is Archean basement. EC-GMS—Elk City-Golden 
metamorphic sequence; GPTS—Georgetown-Phillipsburg thrust system; 
MCMS—Meadow Creek metamorphic sequence; WFB—West Fork Bitterroot 
River. Missoula Group type sections are near Snowslip Peak for lower units, 
east of Missoula for upper ones. The Salmon and Sandpoint 1:100k quadran-
gles and the area studied by Gardner (2008) referred to in the text are outlined.

correlations between the Lemhi Range and Beaver-
head Mountains (fi g. 3c, d; Burmester and others, 
2013) and the structures within them (Lonn and oth-
ers, 2013). 

Winston and others (1999) tried to impose order on 
the confusion by measuring critically selected sections 
and describing the strata using Winston’s (Winston, 
1986; Link and others, 1993; Winston, 2007) sediment 
types. Based on sediment types present and their suc-

cession through the stratigraphic column, 
Winston and others (1999) offered correla-
tions among strata of the Lemhi Range, 
Salmon River Mountains, and the main 
Belt basin. Our paper is an oblique tribute 
to Winston’s contributions, especially the 
1999 paper. It is a tribute because our work 
would not have been possible without his. 
It is oblique because it refutes some of the 
1999 conclusions. We see this as a continua-
tion of the work that Winston pursued, with 
our new view of the stratigraphy allowing 
re-interpretation of the geology in a way 
that further simplifi es the structural picture, 
which was one of his goals.

This complex story, however, is more 
convoluted than the fi eld relations of the 
rocks themselves indicate. Although we had 
encroached on the area from the north in the 
early 1990s, our work started in 2006 with 
a look at the thorium-REE district around 
Lemhi Pass in the Beaverhead Mountains 
on the Idaho-Montana state line. We were 
confused by the rocks, but pressed ahead 
mapping the Salmon 1:100,000 quadrangle 
as a StateMap cooperative project between 
the Idaho Geological Survey and the Mon-
tana Bureau of Mines and Geology. Field 
work for this effort ran through 2014. Only 
by going out of bounds on reconnaissance 
trips to the Lemhi Range were we able to 
get a grip on the nature of the beast – rela-
tively simple geology complicated by faults 
that were invoked to reconcile miscorrela-
tions and misidentifi cation of units. That is 
not to say that the geology is entirely simple, 
and one big challenge remained: the Salmon 
Mountains. Fueled by our perverse compul-
sion to understand the whole Lemhi sub-
basin, we jumped west and found the story 

there also was much simpler than advertised. Although 
our incursion west was only reconnaissance, we did 
look carefully at several transects, using the Salmon 
Forest map (Evans and Green, 2003), as well as prior 
maps and reports (Connor and Evans, 1986; Evans and 
Connor, 1993; Ekren, 1988, Tysdal and others, 2000).

This report starts with a review of Mesoprotero-
zoic strata of the Lemhi subbasin as recently redefi ned 
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(Burmester and others, 2013) and of the Salmon River 
Mountains. It segues to recent observations, includ-
ing age control of rocks in and near the Salmon River 
Mountains, proposes correlations, and speculates 
about some faults. Lest we seem authoritarian, con-
sider this quote:

“We have not succeeded in answering all our 
problems—indeed we sometimes feel we have not 
completely answered any of them. The answers 
we have found have only served to raise a whole 
set of new questions. In some ways we feel that 
we are as confused as ever, but we think we are 
confused on a higher level, and about more important 
things. So this report does not purport to give fi nal 
answers, or to claim that we now ‘know how to 
do it.’ We see more need for revision than ever. 
But we are doing better than we did. And this is a 
progress report, rendered with humility because 
of the unsolved problems we see now which we 
could not see before.” (p. 2; Kelley, 1951).

MESOPROTEROZOIC ROCKS OF EAST-
CENTRAL IDAHO 

Units Common to the Lemhi Subbasin
Figure 3 shows the Lemhi-Beaverhead stratigra-

phy as of 2014. The lowest three units (Ybc, Ywf, & 
Yic) do not appear in the Salmon River Mountains, so 
we start with the unit below the Gunsight Formation 
in Ruppel’s (1975) reference section, which is now 
the Yellow Lake Formation. Histograms for feldspar 
content and ratios in some of the units are in fi gure 4. 
Feldspar content is from visual estimates on stained 
slabs of quartzite samples. Quartz comprises most of 
the rest, with generally less than 5 percent other grains 
and matrix but as much as 10 percent in some fi ner-
grained and more feldspathic samples. High feldspar 
content refl ects lack of weathering during rapid uplift 
and erosion of source rocks common to most Lemhi 
subbasin units (see Link and others 2015 this volume). 

Figure 2. Correlation chart for Belt Supergroup units in the main Belt basin (left columns) and Lemhi subbasin strata in the Salmon 
River Mountains and Lemhi Range according to previous studies and our interpretations. a) Winston et al. (1999) separation of the 
Yellowjacket Formation into type Yellowjacket below the Hoodoo Formation and “Cobalt Yellowjacket” units above it, and b) correlative 
units in the Lemhi Group, Lemhi Range; c and d) Tysdal’s (2000a, b; 2003) Apple Creek Formation unit names; e) and f) our shuffl ing 
of those Apple Creek units in the Salmon River Mountains and Lemhi Range to rectify miscorrelation of the type Apple Creek with the 
unit below the Gunsight Formation; g) youngest radiometric ages for units from sources in square brackets: 0—Evans et al. (2000); 
1—Ross and Villeneuve (2003), 2—Link et al. (2007); 3—Gardner (2008); 4—Aleinikoff et al. (2012). Ages in Ma are U-Pb on zircons. 
Number of grains averaged are in parentheses. Units are Ylc—Lawson Creek; Ys—Swauger; Yya-Yye— “Yellowjacket” units above 
the Hoodoo; Yho—Hoodoo; Yy—type Yellowjacket; Yg—Gunsight; Ya—Apple Creek undivided; Ybc—Big Creek; Ywf + Yic—West Fork 
and Inyo Creek. Members of the Apple Creek are Yatg—Trapper Gulch; Yalm—Lake Mountain; Yab—banded siltite; Yac—coarse siltite; 
Yad—diamictite; Yaf—fi ne siltite; Yalp—Lem Peak. Plutonic megacrystic granite is Ygm. Roosville and Phillips formations, correlatives 
of McNamara and Bonner in Canada, are Yro and Yph.
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Figure 3. Stratigraphic columns for Belt Supergroup section in 
the Sandpoint 1:100k quadrangle (Lewis et al., 2008), b) Salmon 
River Mountains, c) Lemhi Range, and d) Beaverhead Mountains. 
For (a) abbreviations are as in fi g. 2 with the addition of: Yl—Libby 
Formation correlative with McNamara; Yp—Prichard Formation 
members c up through h and t; Yp(a-b)—lowest members base 
not exposed but estimated to extend at least to the bottom of the 
lines. For (b), backsliding on the Iron Lake fault is assumed to 
make net stratigraphic throw negligible. Lack of lateral continuity 
of the fi ne siltite and diamictite members (c) may refl ect locally 
restricted environments of deposition.

Figure 4. Histograms of feldspar content and ratio of potassium 
feldspar to total feldspar for the Apple Creek Formation Jahnke 
Lake member in the Beaverhead Mountains (Yajl, 32 samples), 
Swauger Formation (Ys, 68 samples), Hoodoo Formation (Yh, 23 
samples) and Gunsight Formation (Yg, 81 samples). Five samples 
of Ys had no feldspar. Most of the samples have less than 5 
percent other grains and matrix, with quartz making up the rest. 
Low feldspar content refl ects attrition from weathering or trans-
port (Link et al. 2015 this volume). Proportions of feldspar refl ect 
source composition.
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Proportions of feldspar refl ect source composition. 
Low feldspar content dominated by potassium feld-
spar, commonly angular, for the Hoodoo and Swauger 
formations refl ects dilution by additional sources from 
mature sand stored on a pediment (Sears, 2007) and 
the nearby Dillon block of Archean bedrock.

Yellow Lake Formation
The Yellow Lake Formation is thinly bedded 

siltite and argillite with even and mudcracked couplets 
toward the bottom, very fi ne-grained quartzite to argil-
lite non-cracked, lenticular and even couplets in the 
middle, and pinch and swell sediment type with some 
carbonate toward the top (Winston and others, 1999). 
It grades upward into the Gunsight Formation with in-
creasing concentration of thicker and coarser quartzite 
beds. In the same manner that the Yellowjacket name 
could not be applied to units both above and below 
the Hoodoo Formation (Winston and others, 1999; 
Tysdal, 2000b), Apple Creek Formation nomenclature 
cannot be applied to units both above and below the 
Swauger Formation. Keeping the name with the type 
section established by Anderson (1961) near Hayden 
Creek (HC, fi g. 5) follows the reasoning of Winston 
and others (1999) that the name should stay with the 
type section. This choice allows the name Apple Creek 
Formation to continue to apply to the Salmon River 
Mountains (Tysdal, 2003; Evans and Greene, 2003). 
The unit below the Gunsight Formation that Ruppel 
(1975) had correlated with the Apple Creek became 
Tysdal’s (2000a) Yellow Lake unit, now renamed the 
Yellow Lake Formation. It grades upward into the 
Gunsight Formation with increasing concentration of 
thicker and coarser quartzite beds.

Gunsight Formation
The Gunsight Formation is well sorted, fi ne-

grained feldspathic quartzite, typically with 20-50 
percent feldspar (fi g. 4). Overall, quartz and potassium 
feldspar increase up section while plagioclase, micas, 
and matrix decrease (McBean, 1983). Quartz grains 
are subrounded; some toward the base and into the un-
derlying Yellow Lake unit are medium grained. Lami-
nation is typically planar, but includes ripple, ripple-
drift, and trough cross-lamination. Some contortion 
of internal lamination is attributed to soft sediment 
deformation. West of Gunsight Peak in the Lemhi 
Range (GP, fi g. 5) on the ridge above the reference 

section, it grades up into coarser strata of the Swauger 
Formation. The contact is distinguished by large (cm-
thick) mudchips and cracks as well as lower feldspar 
content and larger, well-rounded quartz grains. Win-
ston and others (1999) described the upper contact 
as “where beds of the discontinuous-layer sediment 
type disappear upward into fl at-laminated and trough-
crossbedded medium-grained arenite of the Swauger 
Formation”. The contact is gradational elsewhere 
in the Lemhi Range as well (Ross, 1947; Anderson, 
1961; Ruppel, 1975). Our recent work in the west-
ern part of the Salmon 30′ x 60′ quadrangle suggests 
that the Gunsight becomes thicker, fi ner-grained, and 
thinner-bedded north of the type section.

Swauger Formation
The Swauger Formation is a varicolored, mostly 

pure quartzite with argillite interbeds at several hori-
zons (Ross, 1947) to the south of Patterson (fi g. 5), but 
is mostly white or white weathering elsewhere. Dis-
tinct tabular beds are commonly trough cross bedded 
and fl at laminated. Sorting is poor with quartz grains 
up to coarse size, but most are medium to fi ne and 
generally well rounded. Some samples from the head 
of Kadletz Creek, south of Lem Peak in the Lemhi 
Range (KC and KP, fi g. 5), are dominated by coarse, 
dark, well-rounded quartz grains. Pebbles and small 
red chert (?) grains are distributed locally, not uni-
formly. Feldspar content of 68 samples, primarily from 
the Beaverhead Mountains with a smaller number 
from the Lemhi Range, varies widely (fi g. 4). Some 
samples have no feldspar. Most but not all of those 
are from the Lemhi Range. Highest feldspar content is 
45 percent. Most of the more feldspathic samples are 
from the Beaverhead Mountains in the northern part of 
the Salmon 1:100k quadrangle in Idaho. We interpret 
this disparity to refl ect local variation of sediment dis-
tributary systems. The ratio of potassium feldspar to 
total feldspar also ranges widely, but only 13 samples 
have more plagioclase than potassium feldspar. Per-
haps a clearer picture is shown by statistics: average 
and median values for feldspar content are 18 and 20 
percent, and for potassium to total feldspar are 64 and 
60 percent. The upper part of the Swauger contains 
Lawson Creek-like strata in several places (e.g., Tys-
dal, 1996b; Tysdal, 2000a).
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Figure 5. Generalized geologic map of the greater Salmon area showing locations of type and reference sections and other 
points of interest. Initials in color: BC—Big Creek; Co—Cobalt; DC—Dry Creek; GP—Gunsight Peak; HC—Hayden Creek; 
HYP—Homer Youngs Peak; IC—Inyo Creek; JL—Jahnke Lake; KC—Kadletz Creek; LC—Lawson Creek; LM—Lake Moun-
tain; LP—Lem Peak; MC—Miner Creek; MM—Mogg Mountain; PC—Panther Creek; SC—Shovel Creek; WF—West Fork Big 
Creek; WL—Williams Lake; YC—Yellowjacket Creek; YL—Yellow Lake. Freeman thrust and North Fork fault are from Lonn 
et al. (2013b); other named faults from Evans and Green (2003). Thin solid gray lines are roads; the one from Ellis through 
Salmon, North Fork and Shoup follows the Salmon River.



79

Burmester and others, The Hoodoo Is the Swauger and Other Heresies

Lawson Creek Formation
The Lawson Creek Formation was named for a 

locally carbonate bearing heterogeneous succession 
of purple-hued quartzite, highly feldspathic quartz-
ite, siltite, and argillite that gradationally overlies the 
Swauger Formation in the northeastern foothills of the 
Lost River Range (Hobbs, 1980) south and southwest 
of Ellis (fi g. 5). Where exposed farther north, the col-
ors are lost and most of the argillite is black. Bedding 
is characteristically thin, with couplet-scale quartzite, 
siltite, and argillite. Lenticular and fl aser bedding are 
common and characteristic. The Lawson Creek For-
mation contains abundant desiccation cracks and mud 
rip-up clasts; much less common are chert beds and 
cherty rip-ups. Carbonate cement is non-uniformly 
distributed. The Lawson Creek grades upward to pale 
green to gray, fi ne-grained, very feldspathic quartzite 
in meter-thick beds with few or very thin argillite or 
siltite interbeds. 

Apple Creek Formation
Tysdal (1996a, b) refi ned the Apple Creek Phyl-

lite (Anderson, 1961) into fi ne siltite, diamictite, and 
coarse siltite units in the greater Hayden Creek area 
of the northern Lemhi Range (HC, fi g. 5). The fi ne 
siltite unit is thinly planar laminated and ripple cross-
laminated fi ne-grained siltite and argillaceous siltite. 
The diamictite unit is argillite, argillaceous siltite, and 
fi ne- to medium-grained siltite distinguished by zones 
of matrix-supported pebbles. Most pebbles are simi-
larly fi ne material but some are fi ne-grained quartzite, 
lithologies similar to Lemhi Group strata (Tietbohl. 
1986). The coarse siltite unit includes beds with 
erosional bases of fi ne-grained quartzite that grade up 
to medium-grained siltite. However, because of the 
miscorrelation between the Yellow Lake and Apple 
Creek formations, Tysdal mapped the Lem Peak fault 
between the Lawson Creek and type Apple Creek, 
including a thick section of “Big Creek Formation” 
underneath the type Apple Creek. After work in the 
Lem Peak area (LP, fi g. 5), we reinterpreted the Lem 
Peak fault as a stratigraphic contact, placing the type 
Apple Creek above the Swauger and Lawson Creek, 
and adding Tysdal’s “Big Creek” to the bottom of the 
Apple Creek as the Lem Peak member (fi gs. 2, 3c). 
The correlative of this unit in the Beaverhead Moun-
tains, the Jahnke Lake member (fi g. 3d), has high feld-
spar content and plagioclase in excess of potassium 
feldspar (fi g. 4).

Just to the northwest of the type section, Tysdal 
and Moye (1996) included a fault slice of the banded 
siltite unit in the Lemhi Range. They did not include 
it in the Apple Creek Formation but suggested that it 
may be the middle part of Conner and Evans’ (1986) 
Yellowjacket. It is predominantly uneven to undulat-
ing couplets and couples of lighter siltite grading to 
dark argillite tops. Our examination of this fault slice 
showed the banded siltite to be in stratigraphic contact 
with the underlying Apple Creek units described by 
Tysdal (1996a, b). The fi ne siltite and diamictite units 
were mapped northwest across the Salmon River fault 
and Salmon River, but not far (Evans, 1998; Tysdal, 
2000b, 2003). Farther northwest are units that were 
originally interpreted as Yellowjacket Formation 
above the Hoodoo (Connor and Evans, 1986; Connor, 
1990; Evans and Connor, 1993) and later termed the 
“Cobalt Yellowjacket” by Winston and others (1999). 
Tysdal (2000b, 2002, 2003; Tysdal and others, 2000) 
applied the name “coarse siltite unit” to the lower part 
of this succession and renamed the middle part the 
“banded siltite unit” reviewing Sobel’s (1982) descrip-
tion of it near the Blackbird mine. Above the banded 
siltite in the Salmon River Mountains we added the 
Lake Mountain member of hummocky crossbed-
ded fi ne-grained feldspathic quartzite and the Trap-
per Gulch member of very fi ne-grained quartzite and 
siltite and anomalously biotite-rich rocks (“biotitite”) 
above that (fi g. 3b). The Lake Mountain member had 
been mapped as Gunsight Formation and the Trapper 
Gulch member had been included in the banded siltite,

Units Unique to the Salmon River Mountains
Despite inroads that the Lemhi Range names have 

made into the Salmon River Mountains, there are still 
unit names used nowhere else. These are the type 
Yellowjacket and Hoodoo formations of Ross (1934) 
and the informal argillaceous quartzite unit of Ekren 
(1988).

Yellowjacket Formation
Defi ned originally by Ross (1934) for only strata 

below the Hoodoo Quartzite near the Yellowjacket 
mine, the Yellowjacket Formation is 520 m (700 ft) of 
“banded and variegated gray, white, and green, more 
or less calcareous rocks” overlain by 2,158 m (7,080 
ft) of readily-weathered dark-gray argillaceous quartz-
ite. Thicknesses are suspect because the measured 



80

Burmester and others, The Hoodoo Is the Swauger and Other Heresies

section is complicated by folds and locally overturned 
beds (Ekren, 1988). In sediment type terminology, 
the section is interbedded discontinuous layer and 
uncracked and mudcracked lenticular and even cou-
plets above tabular beds of fl at-laminated and trough 
crossbedded and ripple marked sand (Winston and 
others, 1999). Scapolitic rocks rich in sodium were 
interpreted as metaevaporites by Tysdal and Desbor-
ough (1997). The base of the Yellowjacket Formation 
is not exposed; the upper contact is gradational into 
the overlying Hoodoo Formation (Ross, 1934; Ekren, 
1988). It is not as widespread as Ruppel (1975, 1980) 
mapped based on using dark color from biotite con-
tent. Winston and others (1999) and Tysdal (2000b) 
rightly pointed out that the biotite was metamorphic 
and could not be used for lithostratigraphic correla-
tion.

Hoodoo Formation
The Hoodoo Formation also was defi ned by Ross 

(1934), who measured 1,085 m (3,560 ft) of quartzite 
strata along Yellowjacket Creek (YC, fi g. 5) northeast 
of the Yellowjacket mine. The quartzite there it has 
about 85 percent well-rounded quartz grains, 5-15 
percent feldspar, and 0-10 percent biotite and sericite 
from upper greenschist facies metamorphism (Ekren, 
1988). Sedimentary structures on bedding surfaces and 
within massive quartzite beds include cross-bedding, 
and oscillatory and current ripples (Ekren, 1988). Far-
ther northeast, it is tightly cemented light gray to white 
quartzite and orthoquartzite with minor feldspar, bio-
tite and sericite, and steep cross-lamination of dunes, 
oscillatory current and locally linguoid ripples (Tysdal 
and others, 2000). At Taylor Mountain (TM, fi g 5) it 
contains 85-94 percent quartz grains ranging in size 
from 0.2 to 1.5 mm, similar to the Hoodoo Formation 
along Yellowjacket Creek (Ekren, 1988). The Hoodoo 
Formation grades upward through several hundred 
meters from clean quartzite into argillaceous quartzite 
and siltite (Ekren, 1988) of the informal argillaceous 
quartzite unit.

Argillaceous Quartzite Unit
This package of rock is described as greenschist 

facies, distinctly banded, gray, slightly calcareous 
quartzite (Ross, 1934), or bluish-gray to gray, argil-
laceous, fi ne-grained quartzite and siltite (Ekren, 
1988). Beds of fi ne-grained quartzite and quartz-rich 

metasandstone are interlayered with beds of fi ne- to 
medium-grained argillaceous siltite and show abun-
dant cross-beds, ripple cross-laminations, and local 
rip-up clasts (Tysdal, 2000b). In more detail northeast 
of the area mapped by Ross, Tysdal and others (2000) 
noted that this unit is medium-gray to gray-green bio-
titic siltite with interbeds of fi ne-grained quartzite and 
quartz-rich metasandstone, metamorphosed to biotite-
grade greenschist facies. Siltite is thin bedded and 
planar laminated to ripple cross-laminated; quartzite 
and quartz-rich metasandstone beds are most abundant 
in lower strata of the unit where fl aser and lenticular 
bedding are most common. Total thickness could be 
greater than 400 m (Tysdal and others, 2000).

NEW OBSERVATIONS AND 
CORRELATIONS

Age Control—Current or Recent 
Radiometric Dating

In the decade and a half since Winston and others 
(1999) there has been a vast increase in age control of 
the rocks in question. Most new ages are U-Pb LA-
ICPMS or SHRIMP dates on detrital zircons in the 
metasedimentary rocks, but the age of the Mesopro-
terozoic granite (Yi, fi g. 5) also has been nailed down 
(Ygm, fi g.2). Logically, a sedimentary unit can be no 
older than the minimum age of detrital zircons in it, 
but analytical or other error may cause a few grains to 
appear younger than they are. However, a cluster of 
young ages may accurately record input from a juve-
nile source close to the age of deposition. Available 
data from Ross and Villeneuve (2003), Link and others 
(2007), Gardner (2008), and Aleinikoff and others 
(2012) are provided in Figure 2g. Ross and Villeneuve 
used about 30 grains, so minimum ages are not as well 
defi ned as are those from later sources that have about 
100 grains per sample. Ages on volcanic rock within 
the Belt-Purcell Supergroup are from Evans and others 
(2000). The 1409 age from banded siltite (Yab) is an 
average of 9 grains, and approximates or is older than 
the age of deposition of sediment near the top of the 
Apple Creek Formation in the Salmon River Moun-
tains.

Our Perspective and Entangling Association with 
the Past (EAP)

We boldly put our necks in the nooses of crit-
ics when we proposed a revised stratigraphy for the 
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Lemhi Range, Beaverhead Mountains, and east and 
northeast of there (Burmester and others, 2013) much 
as Winston and others (1999) stretched their necks 
across the chopping block to see whether their hereti-
cal correlations were borne out by the rocks. Armed 
with our new stratigraphic information, we visited 
selected areas where major faults had been invoked to 
accommodate miscorrelations. Results of our investi-
gation are described below; our simplifi ed correlations 
and regional map are shown in Figures 3 and 5.

Sedimentary structures are locally spectacular 
and useful attributes for describing and characterizing 
the fossil-free Mesoproterozoic rocks of the Belt-
Purcell Supergroup. Sedimentary structures, along 
with grain size, mineral composition and color, have 
been combined by Winston (Winston, 1986; Win-
ston, 1998; Link and others, 1993; Winston, 2007) 
into a classifi cation scheme of sediment types that are 
found throughout the Belt stratigraphic pile in recur-
rent patterns. Winston and others (1999) used these to 
describe units within the Lemhi subbasin and correlate 
them with units of the main Belt basin. Although we 
acknowledge that sediment types are very useful, we 
do not place as much trust in them to brand units as 
Winston does. One of us recalls the late experimental 
petrologist Hatton S. Yoder warning about EAP. His 
acronym EAP, for Entangling Association with the 
Past, was to remind us that our prejudices, concep-
tions and thoughts are conditioned by what we have 
seen before. Most of the us have seen fewer Belt 
rocks than has Winston, and many of those rocks are 
in Idaho. Although Winston’s pinch and swell sedi-
ment type with ptygmatically folded dikelets of light 
silt in black argillite is best developed in the Wallace 
Formation, we’ve seen it in the Sandpoint area (fi g. 
1; fi g 3a) in the top member of the Prichard Forma-
tion, top member of the Mount Shields Formation, and 
bottom member of the Libby Formation (McNamara 
correlative) (Lewis and others, 2006b; McFaddan and 
others, 2006). We have also seen atypically coarse 
and well-rounded quartz grains scattered through the 
section in Prichard Formation members c and e (Lewis 
and others, 2006a), Snowslip Formation (Lonn and 
others, 2010), middle of the Mt Shields and base of 
the Bonner formations (Burmester and others, 2006), 
so we don’t expect that such grains should identify a 
unit. Nevertheless, only the Bonner is young enough 
to be correlative with the Swauger, so we are happy 
to pursue the hypothesis that the large round quartz, 
angular feldspar, and other exotic grains in the Bonner 

and Swauger are a product of the Bonner disturbance 
(Elston, 1991, Elston and others, 2002). The anoma-
lously large and spherical quartz grains may have 
been stored on a pediment to the east (Sears, 2007) 
and been shed into the Belt basin during other events 
where they became minor components in other units.

The Yellowjacket-Hoodoo-Argillaceous Quartzite 
Stack

A couple of us walked across the Yellowjacket-
Hoodoo contact between Yellowjacket Creek and its 
West Fork. The contact appears gradational with no 
evidence for faulting, consistent with previous ob-
servations (Ross, 1934; Ekren, 1988). We visited the 
Taylor Mountain block of quartzite mapped as Hoo-
doo Formation (TM, fi g. 5; Evans and Green, 2003; 
Tysdal, 2003). Most remarkable to us were the well-
rounded medium and coarse quartz grains and low 
feldspar content common to many Hoodoo beds. Also 
common were trough cross lamination; less common 
were ripples, and rare were very large (1-2 dm) mud 
cracks, thick mud chunks, and black mud chips in 
foresets. Those are all features that we have found in 
the Swauger Formation of the Beaverhead Mountains 
(Burmester and others, 2011). Furthermore, both the 
Hoodoo and Swauger are the only units in the Lemhi 
subbasin that typically have potassium feldspar in ex-
cess of plagioclase (fi g. 4). Twenty-three samples from 
outcrops mapped as Hoodoo, and 68 samples from 
outcrops mapped as Swauger, mostly from the Salmon 
1:100 k quadrangle, have identical median feldspar 
content of 20 percent. Potassium feldspar to plagio-
clase ratios for the same samples are indistinguishable 
at about 3:2. Also in the Taylor Mountain block are 
several intervals of dark, fi ne-grained, thin-bedded 
strata with characteristics of the Lawson Creek For-
mation. These intervals are similar to intervals Tysdal 
(1996b; 2000a) found in the Lemhi Range, so are not 
evidence against correlation. We also visited the sec-
tion that spans Yellowjacket Creek. Most impressive 
were very dark, well-rounded coarse quartz grains 
in the upper part of the Hoodoo Formation (or lower 
part of the argillaceous quartzite unit) mapped there. 
These grains appear very similar to some in the Taylor 
Mountain block, the Swauger at the head of Kadletz 
Creek in the Lemhi Range, and grains Tysdal (2000a) 
described as glassy.
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Apple Creek Formation in the Salmon River 
Mountains

We took closer looks at the Apple Creek Forma-
tion in the Salmon River Mountains and are happy 
to report that it is alive and well. The lower members 
from the Lemhi Range do not persist far to the north-
west but two new members appear on top. Missing, 
except near the Salmon River, are the lowest quartzite 
mapped across Lem Peak, which we rebranded as the 
Lem Peak member, the fi ne siltite unit (Yaf) of Tysdal 
(1996-2002), and the diamictite member (Yad). The 
diamictite unit continues across the Salmon River fault 
and Salmon River as a 300 m (985 ft) stack of 5 m (16 
ft) thick beds of diamictite, but it thins abruptly to the 
west (Evans, 1998). Curiously, there also are diamic-
tite interbeds in the coarse siltite, banded siltite and the 
new Lake Mountain member as previously reported 
by Conner and Evans (1986) for units of their Yellow-
jacket Formation. 

Winston and others (1999) interpreted the Apple 
Creek diamictite to be debris-fl ow deposits on pe-
riodically exposed mudfl ats, perhaps adjacent to an 
unidentifi ed uplifted basin block. If true, perhaps the 
nearly exclusive restriction of the diamictite unit to 
the northern Lemhi Range refl ects localization of the 
source or mud fl ats. Individual diamictite beds there 
as well as higher in the Apple Creek Formation could 
be from debris fl ows triggered by severe storms or 
earthquakes. In contrast, Tietbohl (1986) suggested 
the beds could result from subaqueous slumping off a 
relatively upfaulted paleotopgraphic high.

The lowest member farther northwest in the 
Salmon River Mountains is the coarse siltite member. 
It is mapped northeast of the argillaceous quartz-
ite across the Iron Lake fault (Tysdal, 2003). Along 
Panther Creek (PC, fi g. 5) as well as along the Dugan 
Mountain road south of Lake Mountain (LM, fi g. 5) it 
grades up into the banded siltite (Connor and Evans, 
1986; Tysdal and others, 2000; Tysdal, 2003). Grada-
tional above the banded siltite is the Lake Mountain 
member, consisting of hummocky crossbedded very-
fi ne feldspathic quartzite. It is well described and 
illustrated by Tysdal (2003) as the Gunsight Formation 
in the Salmon River Mountains. All of these members 
occupy broader swaths across the map to the west. 
Some of this pattern may be structural repetition, 
but some is from adding beds (Conner and or Evans, 
1986). Highest is a new unit, the Trapper Gulch mem-

ber of fi ner grained, more biotite rich quartzite. It was 
previously included in the banded siltite.

Hoodoo-Swauger Correlation and Implications
Lopez (1981) interpreted the Hoodoo Quartzite as 

Swauger Formation. Tysdal (2000b) considered the 
possibility that both were lithic and time equivalents, 
but appears to have rejected the conclusion that they 
were the same unit because strata under and over 
each were not lithic equivalents. On our initial visit 
to the Yellowjacket area in 2011, we also rejected the 
correlation for similar reasons. However, in complet-
ing mapping on the Salmon 30′ x 60′ quadrangle and 
examining the Swauger-Gunsight sections to the east 
and northeast of the Yellowjacket area, we observed 
that the Gunsight grades laterally from its type section 
in the Lemhi Range into a fi ner-grained and thinner-
bedded rock. We now also consider that the type Yel-
lowjacket could be a facies of the Gunsight, changing 
across a dynamic sedimentary basin. There is much 
less difference among the Lawson Creek exposures we 
have seen and the strata overlying the Hoodoo, at least 
the Taylor Mountain, so we accept their correlation 
and consider it likely that the argillaceous quartzite 
also correlates with the Lawson Creek. 

A composite section northeast from Yellowjacket, 
Idaho, up Yellowjacket, Shovel and Panther creeks 
past the Blackbird mine (fi g. 5) consists of Yellow-
jacket, Hoodoo, and the argillaceous quartzite in a 
conformable sequence (Tysdal, 2000b), and the Apple 
Creek Formation’s coarse siltite and banded siltite 
units (Evans and Green, 2003) plus the new Lake 
Mountain and Trapper Gulch members. Since the 
banded siltite near the Blackbird mine is young (1409 
Ma maximum age, Aleinikoff and others, 2012), this 
composite section is likely the upper part of the Lemhi 
Group through the Swauger Formation and into the 
overlying Lawson Creek Formation and members of 
the Apple Creek Formation (fi g. 3b, c). Given this 
nearly continuous stratigraphic section, the role of 
the Iron Lake fault becomes omission of the Lawson 
Creek, top of the Swauger, and (or) base of the-Apple 
Creek formations in different places, not juxtaposition 
of disparate sections.
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SALMON RIVER MOUNTAINS 
STRUCTURES REINTERPRETED

Iron Lake Fault 
The Iron Lake fault is shown on the Salmon For-

est map (Evans and Green, 2003) as a backslid thrust. 
Along the lower Moyer Creek road, carbonate and 
scapolitic siltite may be pieces of type Yellowjacket 
Formation caught between non-coplanar thrust and 
normal fault surfaces. However, near Iron Lake, there 
is no similar evidence. Quartzite mapped as Hoodoo 
over Taylor Mountain includes only minor tourmalin-
ite (?) breccia near the contact with the coarse siltite 
member of the Apple Creek Formation. To the north, 
the only evidence of faulting is increased foliation 
in fi ne-grained dark rocks that are probably Law-
son Creek Formation. Furthermore, correlating the 
Hoodoo with Swauger greatly reduces the need for 
displacement on the Iron Lake fault where mapped 
between Hoodoo and Gunsight southeast of Taylor 
Mountain. Our conclusion is that there is no structural 
evidence comparable to that along the Poison Creek 
fault to support major displacement on the Iron Lake 
fault.

Poison Creek Fault 
The Poison Creek fault turns out to be the big fault 

in the area. See Tysdal (2002) for history of naming 
and interpretations. East of the Salmon River, it places 
Apple Creek Formation banded siltite, coarse silt-
ite, and diamictite over Paleozoic carbonate (Tysdal, 
2002). Near the fault, those rocks are highly foliated, 
and demonstrably overturned while still facing north-
east. The fault continues northwest across the Salmon 
River (fi g. 5) where the banded siltite is clearly in the 
hanging wall against the Ordovician strata, which, 
at least for the Kinnikinic, are depositional on the 
Swauger Formation. The footwall block northeast of 
the fault continues to the northwest with southwest 
facing Swauger and older rocks to at least the Hot 
Springs fault, near which the youngest strata are over-
turned, southwest facing Lawson Creek Formation. 
Contrast in depth of pre-Ordovician erosion along this 
block is evidence for earlier block tilting. The hang-
ing wall block to the southwest carries the northeast 
facing Apple Creek strata into the Blackbird-Cobalt 
mining area. This difference in depth of erosion of the 
two blocks documents considerable pre-Ordovician 

stratigraphic displacement on the fault. Its history may 
include synsedimentary movement as a growth fault, 
intrusion by mafi c and A-type granitic magmas about 
1380-1370 Ma (Aleinikoff et al, 2012), and normal 
displacement during Neoproterozoic to early Paleo-
zoic as well as after reverse motion during Cretaceous 
contraction. Details still need to be worked out.

REGIONAL TECTONIC IMPLICATIONS 

The Apple Creek Formation displays extreme 
and rapid lateral changes in continuity, lithology and 
thicknesses of its members, at least compared to usual 
Belt variations. Diamictite beds in some of the higher 
strata also may record local effects of syndepositional 
tectonic activity. For example, they might be the result 
of debris fl ows or slumps triggered by earthquakes on 
local growth faults. Hahn and Hughes (1984) sug-
gested that active northwest striking growth faults 
caused deformation in what we consider upper Apple 
Creek strata southwest of the Poison Creek fault in 
the Salmon River Mountains. It is plausible that those 
faults existed before deposition of the Swauger as 
well, so environments for Gunsight and Yellowjacket 
could have been adjacent across such faults or topog-
raphy they controlled. Maybe not coincidentally, the 
southern end of the anorogenic Mesoproterozoic(?) 
granite intrusions is where the youngest Lemhi sub-
basin strata, especially the Apple Creek members, are 
thickest. Thick and young supports the idea that this 
also was the locus of the most recent and rapid subsid-
ence or extension. Gardner’s (2008) evidence in the 
upper Purcell Supergroup strata for growth faulting 
north of the international border (fi g. 1) suggests that 
extension during Missoula Group time affected the 
northern part of the Belt-Purcell basin as well. Perhaps 
the 1380 Ma magmatic event in the Salmon River 
Mountains, and northwest toward Moscow where 
similar age granites exist (Lewis and others, 2005), 
are part of the East Kootenay orogeny as previously 
proposed, but magmatism was during extension or 
transtension, and not due to burial depth and conduc-
tive heating as proposed by Doughty and Chamberlain 
(1996) when the Yellowjacket was still considered to 
be the Prichard Formation at the bottom of a thick ac-
cumulation of Belt Supergroup strata (fi g. 3a).
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Summary 
The Yellowjacket Formation is not the Prich-

ard Formation statement of 1999 (Winston, 1999) 
is still true (fi g. 3) and no longer heretical. This 
year’s heresy is that the type Yellowjacket Forma-
tion does not correspond to the fl at-laminated sand 
of the Inyo Creek Formation and the rippled, mud-
cracked West Fork Formation of the Lemhi Group, 
nor does it correlate with the Burke Formation 
of the Belt Supergroup. Rather it is the top of the 
Lemhi Group and a lateral facies of the type Gun-
sight and possibly Yellow Lake formations. Also 
heretical in some eyes is that the overlying trough-
crossbedded and fl at-laminated, medium-grained 
quartzite mapped as the Hoodoo Formation is the 
Swauger Formation, and correlates with the Bon-
ner and perhaps Mount Shields formations, not 
the Big Creek Formation of the Lemhi Group or 
the Revett Formation of the Belt. The argillaceous 
quartzite unit where mapped separately, and the top 
of the Hoodoo Formation where the argillaceous 
quartzite is not recognized, probably are or include 
the Lawson Creek Formation above the Swauger 
Formation. Mudcracked even couplets, microlami-
nae, and pinch-and-swell couples in the coarse silt-
ite and banded siltite members of the type Apple 
Creek Formation are much too young to correlate 
with the Helena and Wallace formations of the 
Belt Supergroup. The hummocky cross-laminated 
and fl at-laminated quartzite unit that overlies the 
banded siltite but was previously mapped as Gun-
sight or upper unit (or E) of the “Yellowjacket” 
is even younger than the banded siltite, so cannot 
correlate with the Snowslip Formation of the Belt 
Supergroup. In an odd way, Ruppel (1975) was 
correct in correlating widespread occurrences of 
biotite-grade strata with the Yellowjacket. Many of 
those units are part of the Gunsight Formation, which, 
like the Yellowjacket Formation, is below the Swauger 
Formation and therefore correlative. Based on Rup-
pel’s (1975) defi nition of the Lemhi Group to be all 
of Ross’s (1947) Lemhi quartzite below the Swauger 
Formation, the Yellowjacket Formation is the only unit 
of the Lemhi Group in the Salmon River Mountains; 
all higher units are without a group, at least for now. 
The bottom line is that we think we are confused on 
a higher level now, and the Salmon River Mountains 
rocks are at higher stratigraphic levels. At least that 
part of the story is more accurate and in more detail 
than written on a monument at Iron Creek (fi g. 6).

Figure 6. Geologic history monument, confl uence of Iron Creek 
and its North Fork (44.9213N, 114.1097 W WGS 84); a) setting, 
b) closeup.
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ABSTRACT

U/Pb detrital zircon analyses of surface and shal-
low subsurface Holocene and Late Pleistocene St. 
Anthony sand dune and alluvial sediment provide 
new insight into the provenance of paleoclimatically 
signifi cant eolian deposits on the eastern Snake River 
Plain, Idaho. Our new detrital zircon geochronologic 
provenance data suggest that zircons from the Ho-
locene, eastern side of the dune fi eld were derived 
primarily from the Henry’s Fork of the Snake River 
whereas zircons from buried Late Pleistocene dune 
sands were derived primarily from the Yellowstone 
volcanic plateau. On the western side of the dune 
fi eld, Holocene dune sediment was recycled from 
Pleistocene Lake Terreton deposits and the Big Lost 
Trough. These provenance results are consistent with, 
but also augment, previous sedimentary petrologic 
and geochemical analyses. The detrital zircon analyses 
reported here suggest that while the alluvial patterns of 
the Henry’s Fork channel system were largely stable 
during the Late Pleistocene and Holocene, the land-
scape and sediment transport patterns of dune sand 
across the area nevertheless changed. This changing 
landscape infl uenced surface and subsurface hydrolog-
ic conditions, vegetation types and densities, airfl ow 
patterns, and wind strengths, all factors that are com-
monly inferred from eolian sedimentary deposits. The 
detrital zircon record presented here: 1) improves un-
derstanding of the provenance of the St. Anthony dune 
fi eld and evolution of the surrounding landscape, and 
2) lays the groundwork for interpreting paleoclimate 
fl uctuations from buried eolian, alluvial, and lacustrine 
deposits that are interstratifi ed with older Pleistocene 
and Pliocene Snake River Plain basalt fl ows. 

INTRODUCTION

The St. Anthony dune fi eld of eastern Idaho 
mantles >20,000 km2 of the eastern Snake River Plain 
with up to 40 m of active and stabilized sand dune 

and sand sheet deposits that preserve a proxy record 
of Quaternary landscape evolution and paleoclimate 
change (Coughlin, 2000; Gaylord and others, 2000; 
Coleman, 2002; Forman and Pierson, 2003; Hoover, 
2014; Rich and others, 2015) (fi g. 1). Active dunes 
in this fi eld consist of >400 km2 of simple and com-
pound barchan, barchanoid ridge, and parabolic dunes 
in three large dune complexes along a ~35 km long 
trend that largely parallels the prevailing SW-NE 
wind direction (fi gs. 1 and 2). These sand dune and 
sand sheet deposits cap Pliocene to Holocene basaltic 
lava fl ows, alluvium, lake sediment, and loess (Scott, 
1982). Thin section point counts and XRF bulk chemi-
cal analyses from previous dune-fi eld studies sug-
gest that St. Anthony dune sands originated primarily 
from Snake River alluvium derived from northeastern 
sources and secondarily from western Big and Little 
Lost River alluvium and glacial Lake Terreton sedi-
ment (Coughlin, 2000; Gaylord and others, 2000).

In this paper, we report primarily on the U/Pb 
detrital-zircon geochronology of surface and shallow 
subsurface sedimentary eolian and alluvial depos-
its within and near the St. Anthony dune fi eld. The 
primary goal of this paper is to establish a detrital 
zircon framework for Late Pleistocene to Holocene 
eolian and alluvial deposition on the eastern Snake 
River Plain. Using this depositional framework will 
also help improve understanding of the infl uence that 
airfl ow-terrain interactions can have on eolian mor-
phology and sedimentology (e.g., Gaylord and Daw-
son, 1987; Gaylord and Stetler, 1994).

GEOLOGIC SETTING

The eastern Snake River Plain upon which the St. 
Anthony dune fi eld (fi g. 1) and other Quaternary sedi-
mentary deposits reside is an elongate and relatively 
low-relief volcano-tectonic basin that cuts across the 
dominant north-south fabric of the northern Basin 
and Range province (Pierce and Morgan, 1992; Mor-
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Figure 1. Map showing sample locations (A, B, C, and D) and spatial relations between the St. Anthony dune fi eld, eastern 
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gan and McIntosh, 2005). The Miocene to Holocene 
volcanic rocks that dominate the plain resulted from 
the passage of the North American plate over a mantle 
hotspot (Pierce and Morgan, 1992; Christiansen, 
2001). Volcanism associated with the passage of this 
hotspot produced a series of caldera complexes that 
young to the northeast. These complexes are charac-
terized by large-volume rhyolitic eruptive centers that 
were subsequently buried beneath smaller volume, yet 
still widespread, basalt fl ows. 

Extensive drill core-based exploration of basaltic 
strata beneath the Idaho National Laboratory ~40 km 
west of the St. Anthony dune fi eld revealed a record of 
Pliocene and Pleistocene lacustrine, fl uvial and eolian 
sedimentation in the Big Lost Trough (Bestland and 
others, 2002; Gianniny and others, 2002). Quaternary 
Big Lost Trough sedimentary deposits are closely 
analogous to those observed at and near the surface of 
the St. Anthony dune area. The eolian sediment sup-
plies for both were generated primarily during peak 
glacial episodes in the surrounding Rocky Mountains 
(Allison, 2001; Gianniny and others, 2002), when 

meltwater fed an abundant supply of loose sediment to 
lower-lying river valleys and lakes. When basin-water 
levels dropped during interglacial episodes, unconsoli-
dated lake and river sediment was exposed to eolian 
reworking that produced the sand dunes, sand sheets, 
and loess deposits that blanket much of the modern 
landscape of the eastern Snake River Plain (Scott, 
1982). The detrital zircon provenance spectra of these 
sediments and the distribution of their source areas are 
presented in Link and others (2005, fi g. 2). Inferences 
about source areas for the several detrital zircon age-
populations are discussed in greater detail there.

METHODS

A limited number of samples (four) were collected 
and analyzed to document the broad geochronologic 
character of the detrital zircon spectra from (three) 
dune sand accumulations (each with a different esti-
mated age) and from a single alluvial source. This lim-
ited dataset was deemed suffi ciently representative to 
provide a foundation upon which to begin document-
ing the detrital zircon evolution of Holocene and Pleis-

Basalt-Floored
    Interdune

Barchanoid-Ridge Dune

Figure 2. Actively migrating 5-15 m-high barchanoid ridge sand dune within northeastern complex of the St. Anthony dune fi eld. View 
in this image is to the south from center of Section 25, Township 9N, Range 40E. Migration of this large, sinuous-crested, transversely 
oriented barchanoid-ridge dune has been from SW to NE (from upper right to lower left of image). Note encroachment of slip face over a 
dark, sparsely vegetated, basalt-fl oored interdune.



92

Gaylord and others, Provenance of the Pleistocene and Holocene St. Anthony Dune Field

tocene dune sands on the eastern Snake River Plain. 
We extended sampling of the St. Anthony dune sands 
into the shallow subsurface (~3.5 m depth) as a fi rst 
step in bridging the gap in detrital zircon knowledge 
between these putatively Late Pleistocene dune sands 
and older Middle to Late Pleistocene sedimentary de-
posits documented in the Big Lost Trough (Geslin and 
others, 1999, 2002; Bestland and others, 2002).

Detrital zircon grains were extracted from the four 
sand-dominated samples by traditional methods that 
utilized a Wilfl ey table, heavy-liquid, and magnetic 
separation. Representative splits of heavy mineral 
fractions were incorporated into 2.5-cm epoxy mounts, 
along with fragments of zircon standards. The mounts 
were ground to a depth of ~20 m, polished, and im-
aged optically prior to isotopic analysis. U-Pb analy-
ses were completed for 100 to 300 grains using laser 
ablation-multicollector-inductively coupled plasma 
mass spectrometry (LA-MC-ICPMS) at the Univer-
sity of Arizona LaserChron Center, Tucson. Analyses 
followed procedures established by Gehrels and others 
(2006, 2008). Age uncertainties, based only on mea-
surement errors, using this method are typically less 
than ±1% at a 1-sigma level (i.e. ±20 m.y. for a 2000 
Ma grain). U-Pb data were plotted on Concordia and 
age-probability diagrams using the software package 
Isoplot (Ludwig, 2008). The 206 Pb/207 Pb age is 
used for grains >1000 Ma and the 206 Pb/238U age 
is used for younger grains. Analyses >10% discordant 
or >5% reverse discordant (based on comparison of 
206Pb/238U and 206Pb/207Pb ages) were discarded. 

More than 300 analyses were acquired from 
Samples A and C; however, mineral separation dif-
fi culties permitted only 102 analyses to be acquired 
from Samples B and 159 analyses from Sample D 
(fi gs. 3, 4, and 5). Nevertheless, in spite of the lower 
number of total analyses, signifi cant detrital zircon 
populations are obvious in Samples B and D. In this 
case, size (number of analyses) does not really mat-
ter. Accuracy (i.e., equated here to the content of the 
primary populations) is evident with 60 analyses (Link 
and others 2005; Beranek and others, 2006). Precision 
(population size and peak age) is enhanced by obtain-
ing more analyses.

RESULTS

A schematic chronostratigraphic section compiled 
from fi eld mapping and subsurface data (fi g. 3) reveals 
the general architecture of the upper, eastern Snake 
River Plain stratigraphy as well as the approximate 
locations of the detrital-zircon samples. The interstrati-
fi ed nature of dune sand, alluvial, lake-pond, loess 
and basalt deposits depicted in this fi gure captures the 
breadth of sedimentary and volcanic activity on the 
modern landscape and provides a basis for estimat-
ing the spatial relations between these strata in the 
subsurface. Though not drawn to scale, the beds are 
generally from a few meters to <5 m thick; fi eld rela-
tions demonstrate that basalt fl ows and eolian deposits 
(including loess) are more laterally continuous and 
traceable than ponded and alluvial sedimentary depos-
its. Paleosols are common in the subsurface and often 
correlate with plant rootlet concentrations. The basalt 
that underlies or is interstratifi ed with sand dune de-
position ranges in age from Pliocene to Holocene. In 
Holocene dunes, samples were collected from upwind 
and downwind sites (Samples B and C, respectively). 
Sample A was collected from a Pleistocene dune sand 
whereas sample D was collected from Pleistocene al-
luvium that underlies the western margins of the dune 
fi eld.

Detrital zircon spectra are presented in Figures 4 
and 5 originated from: 1) Sample A, an isolated late 
Pleistocene sand dune deposit that was surrounded by 
and partially buried beneath a Late Pleistocene basalt 
with an estimated age >50 ka (Kuntz and others, 1994, 
2003). The Pleistocene sand dune deposits depicted 
near the middle of the schematic section (fi g. 3) are 
analogous to Sample A; 2) Samples B and C, Holo-
cene dune sand collected from the proximal-to-source 
(southwest) and distal (northeast) sides, respectively, 
of the modern St. Anthony dune fi eld. These samples 
are analogous to those depicted in the upper, Holocene 
part of Figure 3; and 3) Sample D, Late Pleistocene 
alluvial deposits of the Henry’s Fork of the Snake 
River at a site located upwind from the most active 
Holocene dune sands. Analogous Pleistocene alluvium 
is depicted near the center of Figure 3. Comparing 
these detrital zircon data with those from sands in the 
Big and Little Lost River system to the west (Geslin 
and others, 1999, 2002) and Pleistocene and Holocene 
loess deposited elsewhere on the Snake River Plain 
(Link and others, 2005) facilitates interpretation of 
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sand transport directions and source-sediment rela-
tions. Figure 4 contains full plots of all the grains in 
each sample. Figure 5 displays only Mesozoic and 
Tertiary grains; however, these young <120 Ma grains 
reveal the most geologically signifi cant relations.

Figure 4 shows intermediate to small populations 
of Precambrian detrital zircons found in Sample D 
(Henry’s Fork alluvium). These populations include 
recycled Grenville (~950 to 1300 Ma), Paleoprotero-

zoic 1600-1800 Ma grains, likely recycled from upper 
Belt Supergroup strata (peak at 1735 Ma), and sparse 
Archean grains. These populations also are consistent 
with those of detrital zircons identifi ed in fl uvial and 
eolian sedimentary deposits from the upper to middle 
Snake River depositional system (Link and others, 
2005). 

The three signifi cant Mesozoic and Tertiary U/
Pb detrital zircon grain-populations recognized in the 
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Figure 3. Schematic chronostratigraphic section of the eastern Snake River Plain, Idaho illustrating the range of 
depositional processes and deposits of interstratifi ed sedimentary and volcanic deposits. Approximate sample loca-
tions are identifi ed in text to right of section. Though the section is not to scale the depicted beds commonly are from 
a few to < 5 m thick. Symbol Explanation: Z=Silt; F=Fine Sand; C=Coarse Sand; G=Granule; P=Pebble. Rootlets 
occur in all sedimentary deposits. Where densely concentrated, rootlets commonly coincide with carbonate- and 
gypsum-cemented paleosols.
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samples analyzed in this study are obvious in Figure 5. 
The fi gure also shows (in the small font) the age peaks 
of the probability distributions, which gives a reason-
able estimate of the age distribution of that source 
population. The youngest grain-population includes 
grains <10 Ma with provenance from the Yellowstone-
Snake River Plain magmatic system (Pierce and Mor-
gan, 1992; Link and others, 2005). This provenance 
includes 4 to 7 Ma grains from the Heise volcanic fi eld 
and 0 to 2 Ma grains from the Yellowstone volcanic 
fi eld (major eruptions at 0.6, 1.2 and 2.0 Ma). The 
precision of the U/Pb detrital zircon age analyses for 
these very young (<2 Ma) grains, however, is low 
(perhaps 5%). The second largest age group is Eocene 
(45 to 50 Ma), derived from Challis magmatic rocks 
exposed in central Idaho. The third group is Late Cre-
taceous (80 to 100 Ma) grains ultimately derived from 
the Idaho batholith of central Idaho. As discussed in 
Link and others (2005) these Cretaceous grains were 
likely recycled through Late Cretaceous sandstones 
from the Montana-Wyoming thrust belt. Their ultimate 
source was the Idaho batholith and their proximate 

source was the Henry’s Fork of the Snake River.
Sample A, collected from a depth of ~3.5 m within 

a Late Pleistocene sand dune, is estimated to be older 
than 50 ka based on ages discerned from fi eld relations 
and preliminary 40Ar/39Ar dates (Creighton, 1987; 
Ferdock, 1987; Kuntz and others, 2003; M.A. Kuntz, 
personal communication, 2014). This sample contains 
a far greater percentage of grains derived from the 
Yellowstone volcanic fi eld (peaks at 0.6 and 2.0 Ma) 
than any other sample. It also has the fewest Challis 
magmatic grains (peak at 49 Ma). 

Sample B, a Holocene dune sand from the upwind, 
western side of the dune fi eld contains no Yellowstone 
grains, abundant Eocene grains (peak at 49 Ma), and 
no 80-100 Ma grains. This detrital-zircon content is 
consistent with its derivation from the Lake Terreton 
area and the Big Lost Trough. 

Sample C is a Holocene sand from the distal, 
downwind side of the St. Anthony dune fi eld. It con-
tains abundant Eocene grains (peak at 48 Ma) as well 
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Figure 4. Probability-density curves for all grains from four samples collected from the St. Anthony dune area. 
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as Heise volcanic fi eld (peaks at 4.0 and 6.6 Ma) and 
recycled Idaho batholith grains (dispersed ages that 
peak at 98 Ma). 

Sample D, which was collected from Pleistocene 
Henry’s Fork alluvium (as mapped by Scott, 1982) 
is exposed near Camas National Wildlife Refuge. It 
contains all three Mesozoic to Tertiary grain groups 
described previously. The Snake River Plain-Yellow-
stone grains in this alluvium are largely >5 Ma (peaks 
at 6.7 and 8.3 Ma). This sample contains more than 
50% pre-Mesozoic grains that are interpreted to have 
been transported by the Henry’s Fork from sources in 
the Montana-Wyoming thrust belt.

INTERPRETATION AND DISCUSSION

The older age distribution of Snake River Plain-
Yellowstone grains in Henry’s Fork alluvium (Sample 
D) is similar to Sample C, from the eastern Holocene 
dune fi eld, and contrasts with that of Sample A, the 

Late Pleistocene dune sand. The detrital zircon grain-
populations in Sample D are similar to those reported 
in previous studies of the Henry’s Fork (Link and oth-
ers, 2005); this similarity suggests a relatively stable 
and long-standing alluvial system (Coughlin, 2000; 
Gaylord and others, 2000). 

Sample B, from the western edge of the dune fi eld 
demonstrates clastic sedimentary input from western 
and northern sediment sources including the Big and 
Little Lost River system, and smaller northern drain-
ages including Birch Creek and Camas Creek. We 
hypothesize that sediment from these western and 
northern sources was mixed in glacial Lake Terre-
ton and, following drops in lake levels, exposed, and 
subsequently reworked by the wind. Many questions, 
however, remain regarding the timing and nature of 
Quaternary eolian activity in this region.
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SUMMARY AND CONCLUSIONS 

Investigation of detrital zircon populations from 
a broadly representative but limited set of Quaternary 
eolian and alluvial sedimentary samples within and 
surrounding the St. Anthony dune fi eld reveals that the 
modern landscape and associated sediment-transport 
pathways have experienced elements of both stabil-
ity and change since the Late Pleistocene. A relatively 
stable Henry’s Fork of the Snake River alluvial system 
is suggested by the similarities between the detrital 
zircon grain-populations of the Late Pleistocene allu-
vial deposits analyzed in this study and those from the 
Big Lost Trough to the west. The Challis-aged detrital 
content of the upwind, western Holocene dune sand 
suggests it was sourced from the Lake Terreton–Mud 
Lake area to the west but not from eastern sources. 
In contrast, the Holocene and Late Pleistocene dune 
sands from the eastern side of the dune fi eld contain 
abundant Yellowstone-Snake River Plain magmatic 
grains that were primarily derived from the Heise 
volcanic fi eld. 

The older, partially basalt-encased Late Pleisto-
cene dune sand (Sample A) contains far more very 
young Yellowstone volcanic fi eld-derived grains than 
Sample C (distal Holocene dune sand), perhaps be-
cause sediment was transported there via strong west- 
and south-directed winds that originated from ice-cov-
ered portions of the nearby Yellowstone Plateau and 
the Teton Range during glacial maxima. 

In sum, this study suggests both a relatively stable 
Henry’s Fork alluvial system and an evolving eolian 
system in which landscape- and climatically induced 
changes periodically modifi ed eolian sedimentary 
transport and depositional patterns. A more compre-
hensive sampling program of Quaternary source sedi-
ment and dune sand in this region will improve under-
standing of the landscape evolution and provide the 
insight necessary to interpret the infl uence of paleo-
climate fl uctuations on the eolian proxy depositional 
record preserved in the St. Anthony area. 
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EXPLORATION OF THE COPPER CLIFF MINING DISTRICT: PRE-MEETING FIELD 
TRIP

Clinton Roberts1 and Whitney Bausch2

1Project Manager, Kennecott Exploration; 2Geologist, Childs Geoscience Inc.

INTRODUCTION

The Copper Cliff district is located within the 
Garnet Range approximately 57 km (35 mi) east of 
Missoula in Missoula and Granite Counties. Ore was 
discovered in 1891 by W.P. Shipler (Irving, 1963), and 
the district has been prospected for over 100 years. 
Past production was fairly insignifi cant, probably 
amounting to only a few thousand tons from which 
recorded smelter returns show recoveries of 110,898 
lbs. of Cu, 259 oz. of Au, and 567 oz. of Ag, primar-
ily from siliceous breccia ores from the Copper Cliff 
and Leonard mines. Anaconda Copper Mining Com-
pany fi rst recognized the potential for deep porphyry 
copper mineralization over 30 years ago and ran an 
IP (induced polarization) survey across the property 
including a long line up the Union Creek drainage that 
yielded positive results.

The Copper Cliff district is underlain by a thick 
sequence of Proterozoic Belt Supergroup clastic 
metasediments and overlying Cambrian carbonates 
and shales that occupy the southern fl ank of a broad 
SE-plunging anticline (fi g. 1). A series of intermedi-
ate composition Tertiary high level dikes and plugs 
intrude these strata along distinct linear belts that 
trend northeast, northwest, and east-northeast. Coeval 
Tertiary volcanics are exposed a short distance to the 
south of the property.

Advanced argillic alteration, characterized by vari-
able development of quartz, alunite, kaolinite, dickite, 
pyrophyllite and diaspore is the predominant altera-
tion type in the central part of the property and shows 
moderate to strong spatial correlation with anomalous 
Cu and Au in soil and rock samples. Siliceous breccia 
dikes cut both sediments and intrusive rock and locally 
contain high grades of Cu-Au in the form of intersti-
tial sulfosalts, sulfi des, and oxides and are fl anked by 
quartz-alunite alteration in the intrusive wall rocks. 
This alteration is fl anked by argillic, intermediate ar-
gillic, and lesser propylitic alteration assemblages and 

all are within a broad envelope of bleached and vari-
ably pyritized metasediments of the Belt Supergroup.

The current target being explored by Kennecott 
Exploration is a deep Cu-Au porphyry system related 
to the high sulfi dation assemblage and advanced argil-
lic alteration at Copper Cliff. Coincident geochemical, 
magnetic, and IP (induced polarization) anomalies 
help to guide the exploration.
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FIELD TRIP ITINERARY

The tour of the Copper Cliff project will begin at 
the Kennecot core shed (fi g. 1). We will then travel 
about 8 miles to Union Creek to the Copper Cliff mine 
area for subsequent stops (fi gs. 2 and 3). 

STOP 1   Potomac Core Shed

The Kennecott core shed is located at 124 Mor-
rison Lane, Building A in Potomac, MT. This stop will 

begin with a Safety Induction to familiarize everyone 
with hazards and safety procedures.

Once everyone has been inducted, there will be a 
tour of the core logging area and the core cutting facil-
ity followed by an introduction to the geology of the 
Copper Cliff project. Kennecott uses a fully-automated 
NTT core saw (fi g. 4), which greatly increases core 
cutting effi ciency and quality.

Figure 1. Regional geologic map of the area around the Copper Cliff project.
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Figure 2. Location of Stop 1 (Potomac warehouse) and Copper Cliff project in relation to Missoula and Elliston.

Figure 3. Field trip stops on geologic map of Copper Cliff.
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STOP 2A   Frog’s Diner Adit

A quick stop will take place at Frog’s Diner Adit 
(fi g. 3). This collapsed adit has been developed into a 
spring in accordance with state regulations and pro-
vides water for diamond drilling. Water consumption 
at Copper Cliff is minimized with the use of a cen-
trifuge, thus keeping the average overall water con-
sumption at 1 gallon per minute for the duration of the 
drilling program.

STOP 2B   Copper Cliff

We will visit the Copper Cliff hydrothermal brec-
cia exposure and look at the copper mineralization 
(fi g. 5). This stop highlights one of the most interest-
ing features in the area as there are very few outcrops 
of the breccia. The breccia is within the Mesoprotero-
zoic Garnet Range Formation.

Figure 4. NTT Automated Core Saw (located 
against back wall) used on the Copper Cliff 
project
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Figure 5. Copper staining on exposed hydrothermal breccia pipe at Copper Cliff.
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STOP 3   Klenzie Mine

The contact separating the Garnet Range and Sil-
ver Hill formations, which is present where the Silver 
Hill Formation is not underlain by the Flathead quartz-
ite, is exposed at the Klenzie mine portal. The expo-
sure is aligned along a northeast trending fault within 
the Cambrian Silver Hill Formation. Gold and copper 
mineralization is present within silicifi ed carbonates 
and breccias. Here, jasperoidal breccia cuts the Gar-
net Range Formation (fi g. 3). The breccia is similar 
to the hydrothermal breccia exposed at Copper Cliff, 
but contains predominately silicifi ed limestone clasts 
(Ellsworth, 1993).

STOP 4   Drill Sites

We will travel to one of the active drill sites (fi g. 6) 
to observe the drilling process. There we will see drill-
ers obtaining core, review the diamond drilling equip-
ment, discuss the benefi ts of the centrifuge, and learn 
about Rio Tinto HSEC requirements. All participants 
will be required to wear the appropriate PPE while 
visiting the drill rig. If time allows, the group will visit 
a reclaimed drill site. 

Figure 6. Active drill pad.
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INTRODUCTION

The Elliston region is located in the northern por-
tion of the Helena Salient, a broad, convex-eastward 
protrusion of the Montana Disturbed Belt (fi g. 1). 
The Helena Salient is unique within the Cordilleran 
fold and thrust belt, as it encompasses both the Hel-
ena embayment, a pronounced eastward projection of 
the Mesoproterozoic Belt-Purcell basin (Sears, 2007) 
and the entire Boulder Batholith, a major Late Creta-
ceous intrusive complex emplaced within the orogenic 
wedge far east of the main axis of the magmatic arc 
(Lageson and others, 2001). The origin of the Helena 
Salient and the relationship between thrust belt devel-

opment and magmatism is a matter of debate (Schmidt 
and others, 1990; Kalakay and others, 2001; Lageson 
and others, 2001).

The tectonic evolution of the Helena Salient is 
complex, characterized by Late Cretaceous folding 
and thrust fault imbrication of Mesoproterozoic to 
Cretaceous strata during the Sevier orogenic event, 
pre-, syn- and post-deformational emplacement of the 
Boulder Batholith magmatic system, and Paleocene 
to Eocene extensional deformation and volcanism 
(Robinson and others, 1968; Ruppel and others, 1981; 
Smedes and others, 1988; Schmidt and others, 1994; 
Foster and others, 2010). Geologic investigations in 

Figure 1. Schematic map and cross-section of pertinent geologic features in the northern U.S. Rocky Mountains 
(modifi ed from Lageson and others, 2001). Note location of Elliston region area within the Helena salient of the 
Montana Disturbed Belt. Note close spatial relationship between the Boulder Batholith and contractional features 
associated with the Lombard-Eldorado thrust system.



110

Mahoney and others, Geologic Relationships in the Northern Helena Salient, Montana

the Elliston region seek to constrain the evolution of 
the Helena Salient by documenting the relationship 
between folded and faulted Mesoproterozoic to Me-
sozoic strata and magmatic rocks associated with the 
Boulder Batholith (Balgord and others, 2010; Ihinger 
and others, submitted). This region is the focus of 
ongoing STATEMAP investigations by the Montana 
Bureau of Mines and Geology, and mapping and 
analytical work in the area have been supported by the 
USGS EDMAP program.

REGIONAL GEOLOGY

The Elliston region lies at the junction of sev-
eral important geologic provinces, including: 1) the 
southern portion of the Mesoproterozoic Belt-Purcell 
basin (Sears, 2007); 2) the northwestern margin of the 
Boulder Batholith (Smedes and others, 1988; du Bray 
and others, 2012); 3) the northern edge of the Helena 
Salient, along the eastern edge of the Sapphire thrust 
plate, which contains complexly folded and faulted 
Mesoproterozoic to Cretaceous strata (Ruppel and 
others, 1981; Schmidt and others, 1994); 4) the east-
ern edge of Tertiary extension related to core complex 
development (Foster and others, 2010); and 5) the 
northeastern portion of Eocene volcanic rocks, includ-
ing the Lowland Creek and Avon volcanic complexes 
(Trombetta, 1987; Schmidt and others, 1994)(fi gs. 2, 
3).

The geology of the Elliston region was fi rst docu-
mented by Knopf (1963), who mapped the area west 
of Helena at a scale of 1:48,000, and by Bierwagen 
(1964), who mapped the area north of Elliston at 
a scale of 1:125,000. The Tertiary Avon Volcanic 
fi eld was mapped and described in a M.Sc. thesis by 
Trombetta (1987). The surfi cial deposits north and 
northwest of Elliston were mapped as part of a M.Sc. 
thesis by Loen (1990). The fi rst detailed structural 
and stratigraphic descriptions of the Elliston region 
were provided by Schmidt and others (1994), whose 
1:62,500 mapping focused on the area fl anking the 
Little Blackfoot River drainage area in Lewis and 
Clark and Powell counties. Lewis and others (1998) 
compiled the geology of the Elliston area within the 
Butte 1º x 2º quadrangle (fi g. 2). Faculty and students 
from the University of Wisconsin-Eau Claire and 
Minnesota State University-Mankato have focused 
on geologic mapping and associated geologic studies 
within four 1:24,000 quadrangles in the Elliston area, 

including the Esmeralda Hill, Greenhorn Mountain, 
Elliston, and MacDonald Pass 7.5’ quadrangles (fi g. 
3). Recent geologic mapping by K. McDonald, J. 
Mosolf and others from the Montana Bureau of Mines 
and Geology will be released as the 1:100,000 Elliston 
quadrangle in 2015. 

STRATIGRAPHY

Mesoproterozoic Belt Supergroup
The oldest strata in the Elliston area are rocks 

of the Mesoproterozoic Belt Supergroup, which are 
primarily exposed north of the Little Blackfoot River 
on the north side of the continental divide (fi gs. 2, 3). 
Most of the Belt Supergroup is exposed in the area, 
including the Empire Formation of the Ravalli Group, 
the Helena Formation of the Piegan Group (Middle 
Belt Carbonate) and the entire Missoula Group, which 
comprises the vast majority of the Mesoproterozoic 
strata in the region.

The Empire Formation is the lowest unit of the 
Belt Supergroup exposed in the area, and consists 
of thin-bedded, fi ne-grained greenish-grey, locally 
calcareous, argillite and siltite with lesser fi ne-grained 
quartzite interbeds. The unit is generally recessive and 
poorly exposed. In the Greenhorn Mountain quad-
rangle (fi g. 3), the Empire Formation is exposed in a 
northeast-dipping structural panel in fault contact with 
the Helena Formation, where it is metamorphosed to 
lower greenschist facies by intrusion of an Eocene 
(38.6+1.5 Ma K-Ar age) quartz feldspar porphyry 
(Gearity, 2013). This intrusion produced gold-silver-
lead- molybdenum vein mineralization of the Bald 
Butte mine (Walker, 1992).

The Helena Formation is widely exposed along 
the continental divide, and is the host rock for the 
Marysville Mining District. The unit consists of thin- 
to medium bedded, light to medium blue grey, micro-
laminated dolomitic siltstone, fi ne-grained sandstone 
and dolomicrite with abundant sedimentary structures, 
including ripple marks and mud rip-up clasts. The unit 
commonly displays cyclic bedding, and stromatolites 
occur locally (Schmidt and others, 1994). Gold and 
silver mineralization within the Helena Formation in 
the Marysville Mining District was initially assumed 
to be associated with the Cretaceous Marysville Stock, 
but subsequent work has demonstrated that the min-
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Figure 2. Regional geologic map of a 
portion of the 1:250,000 scale compilation 
map of the Butte 1x2 degree map area, 
modifi ed from Lewis and others (1998). 
Quadrangles mapped under the auspices 
of USGS EDMAP program by faculty and 
students at University of Wisconsin-Eau 
Claire are outlined.
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Figure 3. Schematic geological map of 1:24,000 scale quadrangles mapped in the Elliston area. (Field trip stop numbers 
are shown in white polygons).
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eralization is primarily Eocene in age, associated with 
small stocks and sills intruding the Helena Formation 
(Walker, 1992; Gearity, 2013).

The Missoula Group is the most widespread 
component of the Belt Supergroup in the region. The 
strata primarily consist of fi ne-grained clastic rocks 
that are recessive and poorly exposed along the con-
tinental divide. The basal unit of the Missoula Group 
is the Snowslip Formation, which overlies the Helena 
Formation southeast of the Marysville Mining District. 
The unit consists of thin-bedded reddish siltstone and 
argillite with lesser thin-bedded fi ne-grained quartzite 
intercalated with thin-bedded, thin-laminated green 
siltstone. The Snowslip Formation is conformably 
overlain by the Shepard Formation, which is charac-
terized by a basal stromatolitic zone overlain by light 
tan to green thin-bedded siltstone, argillite and argil-
laceous dolomicrite (Schmidt and others, 1994). The 
Shepard Formation is primarily exposed north of the 
Bald Butte fault.

The Mount Shields Formation consists of medium 
red to light tan, thin- to medium bedded, parallel 
and trough cross-laminated, fi ne to medium-grained 
subfeldspathic arenite intercalated with thin-bedded 
reddish argillite. Cyclic variations in sand content al-
low the formation to be subdivided into six members 
regionally, and result in laterally signifi cant changes 
in unit thickness (Wallace and others, 1984; Schmidt 
and others, 1994). The Mount Shields Formation is 
conformably overlain by the Bonner Formation, which 
consist of distinctly cliff forming, medium red to whit-
ish tan, thickly bedded, moderately to poorly sorted, 
subangular-angular, trough cross-stratifi ed, feldspathic 
arenite. The Bonner Formation is prominently cross-
stratifi ed, and is locally conglomeratic with arkose 
and quartz pebbles and locally abundant mud rip-up 
clasts. The Bonner Formation is conformably over-
lain by the McNamara Formation, which is a largely 
recessive, purple-red, thin-bedded, fi ne-grained, well 
sorted, interbedded arkosic arenite interbedded with 
red argillaceous shale and siltstone. The unit displays 
abundant sedimentary structures, including low angle 
cross-stratifi cation, climbing ripple cross-stratifi cation 
and abundant rip-up clasts (see Stop 3 in accompany-
ing road log).

Nature of the Proterozoic/Cambrian Boundary
The basal Paleozoic strata in the Elliston region, 

and throughout the Intermontane West, is the Middle 
Cambrian Flathead Sandstone. In the Elliston region, 
the Flathead Sandstone was deposited across a low 
angle angular unconformity that bevels the underlying 
west-dipping panel of the Missoula Group progres-
sively from east to west (fi g. 3). Schmidt and others 
(1994) estimate that a minimum of 2500 m of Me-
soproterozoic strata have been eroded over a lateral 
distance of about 30 km, requiring a regional angular 
discordance of about 5 degrees.

North of the Helena Salient, near Lewis and Clark 
Pass, the Flathead Sandstone unconformably overlies 
both the Ravalli (lower Belt) and Missoula (upper 
Belt) groups, which requires substantial pre-middle 
Cambrian uplift (>5 km) and erosion of the Belt Su-
pergroup. South of the Helena Salient, near Ermont, 
MT, a boulder fanglomerate within the Flathead Sand-
stone immediately above an unconformity over prob-
able pre-Belt “Argenta” strata suggests structurally-
controlled sedimentation (Sears and others, 2010). In 
central Idaho, where Cambrian strata are absent, rapid 
uplift and erosion of Neoproterozoic plutons yields 
500 Ma zircon within the ca. 500 Ma Worm Creek 
quartzite of SE Idaho (Todt and others, 2013). In con-
trast, within the Helena Salient, the mapped contact 
between coarse-grained Flathead Sandstone and rocks 
mapped as fi ne-grained strata of the Ravalli Group 
appears to be a conformable transition, suggesting the 
existence of previously unrecognized Neoproterozoic 
to Middle Cambrian strata conformably below the 
Flathead Sandstone. This relationship is supported by 
the intercalation of two distinct zircon populations 
(Balgord and others, 2009). The highly variable nature 
of the basal Cambrian contact (locally an angular 
unconformity, a disconformity above crystalline 
basement, and an apparent conformable contact), the 
coarse-grained nature of basal Cambrian strata, and 
evidence for uplift of both Belt Supergroup strata (>5 
km) and Neoproterozoic plutonic rocks suggests the 
continental margin was tectonically active in Neopro-
terozoic to Cambrian time, in marked contrast to the 
traditional interpretation of a passive margin setting.

Detrital zircon geochronology of the Mesopro-
terozoic Missoula Group and the Middle Cambrian 
Flathead Sandstone constrain the provenance of each 
succession, and the Proterozoic/Cambrian transition 
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was characterized by a major shift in provenance (fi g. 
5a, b). The upper Belt Supergroup (Missoula and 
Lemhi Groups) is characterized by a major age peak at 
~1720 Ma (1620-1800 Ma), with lesser Mesoprotero-
zoic (~1450) Ma and Archean peaks (fi g. 5b). Stewart 
and others (2010) use detrital zircon signatures and 
isotopic data to suggest that the provenance of the up-
per Belt Supergroup was non-North American, involv-
ing sediment derivation from both syn-depositional 
Belt sources and from an East Antarctic/Australian 
source. In contrast, the overlying Flathead Sandstone 
has a signifi cantly different detrital zircon signature, 
strongly dominated by an unidentifi ed ~1779 Ma 
source and lesser, broadly distributed Paleoproterozoic 
and Archean peaks (fi g. 5b). Note the lack of distinctly 
Missoula Group detritus in the overlying Flathead 
sandstone, and the complete absence of any grains 
younger than ~1745 Ma (fi g. 5a). These data provide a 
cautionary tale with respect to the use of the youngest 
detrital zircon age populations to constrain true depo-
sitional ages. 

Paleozoic Strata
The Middle Cambrian Flathead Sandstone forms 

the base of the Paleozoic section in the Elliston region 
(fi g. 4). The Flathead Sandstone is progressively over-
lain by recessive calcareous brown shale of the Wolsey 
Formation, bioturbated, locally oolitic limestone of the 
Meagher Formation, and recessive green shale of the 
Park Formation. Balgord and others (2010) mapped 
thin bedded intercalated micrite and micritic quartz 
arenite overlain by distinct medium to thick bedded, 
bioturbated dolomicrite to dolowackestone overlying 
the Park shale as the Pilgrim Formation. Conversely, 
Schmidt and others (1994), apply nomenclature from 
north and west of the Elliston area, and point out that 
the area is in a transition zone wherein Middle to Late 
Cambrian rocks form a transgressive sequence that be-
comes younger to the east. As such, rocks that Balgord 
and others (2010) recognized as Pilgrim Formation 
are mapped in earlier reports as the Upper Cambrian 
Hasmark Formation.

Cambrian strata are overlain by Middle to Late Pa-
leozoic strata across an unconformity contained within 
a recessive, fi ne-grained succession known as the Red 
Lion/Maywood Formations (Upper Cambrian-Upper 
Devonian; fi g. 4). The Devonian Jefferson Formation 
forms scalloped cliffs of medium to thick bedded dark 
grey sucrosic dolomicrite to dolowackestone, over-

lain by a recessive succession of thin-bedded, locally 
calcareous fi ne-grained sandstone, siltstone and shale 
of the Devonian Three Forks Formation. The most 
well-exposed Paleozoic carbonate in the Elliston re-
gion is the Mississippian Madison Group, which forms 
prominent cliffs in the hills west of Dog Creek (fi gs. 3, 
4). The Mississippian Lodgepole Formation contains 
medium to thick bedded, cyclically bedded bioclastic 
(crinoid, brachiopod, bryozoan) wackestone, pack-
stone, fl oatstone, and rudstone that was exploited in 
the lime quarries west of Dog Creek (see Stop 5). The 
Lodgepole Formation is overlain by the thick bedded 
to massive Mission Canyon Formation, with forms 
distinct, low rounded outcrops with indeterminate bed-
ding. 

Mississippian carbonate strata are overlain by a 
recessive package of red, locally calcareous, siltstone 
and shale which forms conspicuous red regolith. These 
rocks have been mapped near Elliston as the Amsden 
Formation (Balgord and others, 2010). Schmidt and 
others (1994) assigned these strata to the Snowcrest 
Range Group. These rocks are overlain by prominent 
cliffs of the Pennsylvanian Quadrant Formation, which 
consists of tan, fi ne to medium-grained, well sorted 
quartz arenite. The formation is a very resistant cliff 
forming unit that is locally strongly silicifi ed. The 
Quadrant Formation is overlain by a very thin (1-5 m) 
succession of black shale, oolitic phosphorite, lithic 
sandstone and conglomerate and black chert assigned 
to the Permian Phosphoria Formation (see Stop 7).

Mesozoic Strata
Mesozoic rocks in the Elliston region consist of 

predominantly recessive, fi ne-grained Jurassic and 
Cretaceous clastic strata that are relatively poorly 
exposed. Schmidt and others (1994) recognized that 
Jurassic and Cretaceous strata become thicker and 
coarser-grained to the west, where the strata are sub-
divided into a number of formations that are absent or 
indistinguishable in the Elliston area.

Jurassic strata of the combined Jurassic Ellis and 
Morrison formations (Jem) unconformably overlie 
the Permian Phosphoria Formation. These strata are 
recessive, and consist of poorly exposed red to or-
ange, thick bedded fi ne-grained sandstone, siltstone, 
and shale (fi g. 4). Jurassic strata are unconformably 
overlain by the distinct, brown-weathering, medium 
bedded, medium to coarse-grained chert lithic arenite 
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Figure 4. Schematic stratigraphic column of Mesoproterozoic to Tertiary units in the Elliston area.
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Figure 5. A: Detrital zircon probability plot of the Flathead Sandstone above Grant’s quarry; B: Normalized age 
probability plots comparing the Flathead Sandstone with a cumulative plot of the Missoula and Lemhi Groups.  
Note that the Flathead peak is distinctly older, and that the Flathead contains no grains younger that ca. 1745 Ma.
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of the Cretaceous Kootenai Formation. The Kootenai 
Formation thickens dramatically from southeast to 
northwest; south of Helena in the Devil’s Fence anti-
clinorium the unit is ~100 m thick (Mahoney and oth-
ers, 2008), whereas west of Avon in the Garnet Range, 
this unit is 520 m thick (Schmidt and others, 1994). 
The Kootenai Formation is subsequently overlain by 
relatively poorly-exposed thin to medium bedded tan, 
brown, and green fi ne-grained sandstone, siltstone, 
and shale of the Cretaceous Blackleaf Formation. 
The coarser units tend to form thin ribs of sandstone 
that stand in bold relief to the recessive fi ner-grained 
interbeds.

The Cretaceous Elkhorn Mountains Volcanics are 
part of the Boulder Batholith magmatic system, and 
represent the volcanic carapace to the Boulder Batho-
lith (Rutland and others, 1989). The succession is 
widely exposed along the northwestern margin of the 
Boulder Batholith, where it is intruded by the Butte 
Granite (formerly the Butte Quartz Monzonite). The 
Elkhorn Mountains Volcanics consists of a hetero-
geneous, laterally variable succession of andesitic to 
rhyolitic fl ows, breccias, lapilli tuff, tuff, and interca-
lated sediments that aggregate to more than 1000 m. 
The geochronology and geochemistry of the Elkhorn 
Mountains Volcanics are discussed under the Boulder 
Batholith magmatic system.

Cenozoic Strata
The Avon Volcanic Complex is overlain by a 

widespread, poorly exposed succession of thin-bedded 
to massive buff-yellow to reddish tuffaceous siltstone, 
fi ne-grained sandstone and shale with minor conglom-
erate referred to herein as the Avon Basin sequence 
(Eocene-Oligocene?). Small landslides and slope 
failures are common in this unit. These rocks appar-
ently represent deposition in a restricted terrestrial/
lacustrine basin developed on top of the Eocene Avon 
Volcanic Complex. 

MAGMATIC ROCKS

The Boulder Batholith Magmatic System
Three phases of magmatic activity constitute the 

calc-alkaline Boulder Magmatic Suite (BMS). They 
include the eruption of the Elkhorn Mountains Volca-
nics (EMV), emplacement of the large plutons of the 
Boulder Batholith, and intrusion of numerous small-
volume satellite stocks, dikes and sills into the adja-
cent folded Paleozoic rocks. Detailed geochronology 
and geochemistry on each phase of magmatism outline 
a coherent story for the origin and evolution of the 
magmatic system (fi gs. 6-8). Here we summarize the 
results of Ihinger and others (2015), wherein the tem-
poral and chemical evolution of the BMS is described 
in detail.

Initiation of the BMS was marked by the Crow 
Creek andesite fl ow at 85 Ma. Magmas with widely 
varying composition continued to erupt for at least 
the next 6 Ma. These magmas span the compositional 
range from basalt to rhyolite and include several large-
volume ignimbrite sheets. The plutons of the batholith 
intrude the volcanic carapace (Klepper and others, 
1974; Rutland and others, 1989). The oldest pluton 
intruded at 82 Ma and overlapped with the tail end of 
volcanic activity. Plutonism spanned a ten million-year 
interval and continued well after the cessation of vo-
luminous volcanism. Precision geochronology on four 
satellite intrusions show crystallization ages between 
80 and 75 Ma, indicating that magmatism peripheral 
to the batholith was coeval with BMS plutonism.

Summaries of the major and trace element geo-
chemistry for rocks associated with each phase of the 
BMS are presented in fi gures 8A-D. The composi-
tions defi ne a distinct calc-alkaline trend on an AFM 
diagram (fi g. 8B), and the characteristic depletion in 
Nb and Ti (fi g. 8D) indicate clearly that magmas from 
each phase of the BMS have origins linked to sub-
duction zone processes. Both the EMV and Boulder 
Batholith satellite intrusions have widely scattered 
and variable compositions with silica contents that 
range between 47 to 74 wt% SiO2 (fi g. 8A, C). Both 
major and trace element concentrations vary by more 
than factors of two for any given silica concentration. 
These differences persist across the spectrum of silica 
contents for both volcanic and satellite samples. 
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Figure 6. Geochronology of Boulder Magmatic System. Compilation includes geochronologic samples from plutons of the Boulder 
Batholith by the U.S. Geological Survey (du Pray and others, 2012) and from plutons, satellite bodies and the Elkhorn Mountain 
Volcanics completed by the University of Wisconsin-Eau Claire (Ihinger and others, 2015). Samples are arranged as volcanics, 
satellites and plutons, with each category arranged from south-to-north view left-to-right.
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Figure 7. Summary map showing U-Pb ziron geochronology, 40Ar/39Ar geochronology, Al-in-hbl barometry, and (U-Th)/He thermochro-
nology for the Boulder Batholith, its satellite plutons, and the Elkhorn Mountain Volcanics. Map modifi ed from du Bray and others, 2009.
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In contrast, Harker diagrams for Boulder Batholith 
plutons defi ne narrow bands that trend through the 
middle of the scatter observed for every major element 
in the associated EMV and satellite samples. These 
observations suggest that the Boulder Batholith plu-
tons represent amalgamations of multiple batches of 
smaller volume magmas inside homogenizing stor-
age chambers. Calc-alkaline magmas at continental 
margins have long been understood to accumulate and 
evolve within crustal chambers whereby constituent 
magmas experience MASH (Mixing, Assimilation, 
Storage, and Hybridization) processes (Hildreth and 
Moorbath, 1988). The radiogenic Sr and Nd isotopic 
compositions of the Boulder Batholith plutons are 
consistent with MASH-style assimilation and mixing 
of crustal material in such chambers (Du Bray and 

others, 2012; Ihinger and others, 2015).

The dominant felsic character of the Boulder 
Batholith plutons indicates that they represent felsic 
extractions from deeper homogenizing chambers that 
were formed from a collection of magmas with EMV/
satellite composition. Every pluton is more silica-rich 
than the average silica content for both the EMV and 
satellite rocks. As crystallization proceeded inside the 
chambers, a dense crystalline framework formed at the 
expense of the evolving interstitial liquid. Predomi-
nantly driven by iron removal, a critical threshold in 
density difference was eventually reached, and the re-
maining buoyant interstitial liquid migrated up and out 
of the compacting crystalline residue (e.g., Philpotts 
and others, 1996; Bachmann and Bergantz, 2004). The 

A B

C D

Figure 8. Geochemistry of magmatic rocks of the Boulder Magmatic Suite (all data from Ihinger and others, 2015). Key for symbols: + 
= EMV; x = satellite dikes, sills, and stocks; o = Boulder Batholith plutons; inverted triangle = ignimbrite fl ows within EMV; solid triangle 
= average of all EMV analyses (n= 90); solid box= average of all EMV analyses (n= 73); solid circle = average of all Boulder Batholith 
plutons (n= 60). A: silica vs. total alkalis; B: Alkali-FeO-MgO (AFM) plot; C: representative trace element (Ce) vs. silica; D: trace element 
spider diagram showing average abundances in the three phases of the BMS; star = average upper continental crust (Rudnick and Gao, 
2004).
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bulk composition of the extracted magma is dependent 
on the amount of crystalline network entrained into 
the segregating viscous liquid. The range in chemistry 
observed across the suite of Boulder Batholith plutons 
offers insights into the dynamics of this extraction pro-
cess. The large-volume ignimbrite tuffs found in the 
upper layers of the volcanic pile lay on the felsic end 
of the Boulder Batholith pluton compositional trends 
(fi gs. 8A-C) and likely represent the extrusive equiva-
lent of these silica-rich melt segregations. The addi-
tional ‘plutonic’ component (in the form of ignimbrite 
tuffs) thus supplements the average EMV composition 
and provides an explanation for its slightly more felsic 
character when compared to the average composition 
of the suite of satellite rocks.

In summary, the BMS is comprised of a series of 
calc-alkaline magmas of widely variable composition 
that formed between 85 and 74 Ma. The compositions 
of these magmas are refl ected in the chemistries of 
the satellite intrusions and small-volume fl ows of the 
EMV. After ~3 million years, the magma production 
rate was high enough to generate signifi cantly large 
reservoirs beneath the volcanic carapace to collect and 
amalgamate subsequent rising magmas. The cross-
sectional areas of the developing storage chambers 
were suffi ciently large to effectively choke off overly-
ing volcanism. To the east, where the production rate 
was lower, minor volumes of magmas continued to 
penetrate the overlying Paleozoic sedimentary rocks 
throughout the duration of BMS activity. Meanwhile, 
the large chambers allowed for mixing and homog-
enization of magmas with widely disparate composi-
tion. Upon cooling and crystallization, buoyant felsic 
bodies segregated from their host MASH reservoirs 
to form the individual Boulder Batholith plutons and 
large extrusive ignimbrite tuffs. By 74 Ma, magma-
tism in the region had ceased, and remained dormant 
until commencement of the Tertiary Lowland Creek 
and Avon volcanics.

Tertiary Avon Volcanic Complex
The Avon Volcanic Complex is exposed in an ap-

parent fault-bounded basin across approximately 90 
km2 to the east and south of Elliston (fi gs. 2, 3). It is a 
part of an extensive Eocene-Oligocene volcanic prov-
ince exposed throughout large areas of the northern 
Rocky Mountains that includes the Challis, Absaroka-
Gallatin, Garnet Range, and Lowland Creek volcanics. 
Trombetta (1987) divided the volcanic complex into 

seven map units and supplied basic structural inter-
pretation, and provided limited geochemical analy-
ses. The Avon Volcanic Complex appears to contain 
very little pyroclastic material and is dominated by 
quite voluminous, crystal-rich lava fl ows and volca-
nic domes, which is unusual for such highly siliceous 
rocks. Geochemical and geochronologic analyses of 
the Avon Volcanic Complex conducted in conjunction 
with mapping by faculty and students of the Universi-
ty of Wisconsin-Eau Claire provides constraints on the 
age and composition of the Avon Volcanic Complex.

Trombetta (1987) describes the Avon Volcanic 
Complex as predominately rhyolite porphyry, with 
lesser rhyolite tuff, lapilli tuff and breccia, with lesser 
andesite fl ows. Geochemical samples were collected 
from the lateral and vertical extent of the Avon Volca-
nic Complex, and the rocks form three distinct geo-
chemical groups. The fi rst occurs as dacitic fl ows and 
domes. The other two groups are rhyolitic in composi-
tion but are divided based upon signifi cant differences 
in elemental abundance. One of the rhyolite groups is 
enriched in NaO2, Nb, Pb and Rb and depleted in Hf, 
La, Nd and Zr relative to the other (fi g. 9). Geochem-
istry suggests the Avon Volcanic Complex represents 
a highly evolved, subduction-related magma system. 
The geochemical signature, including high LIL/HFSE 
ratios suggest interaction with an evolved crustal 
source during magma genesis. 

Geochronologic data for the Avon Volcanic Com-
plex is limited. A K-Ar sanidine analysis from a rhyo-
lite porphyry exposed 2.9 km (1.8 miles) west of Avon 
along U.S. Highway 12 yields an age of 39.4 ± 1.6 Ma 
(Chadwick, 1981). A sample of the rhyolite porphyry 
collected in the Elliston 1:24,000 quadrangle in the 
southeastern portion of the Avon Volcanic Complex 
yielded a U/Pb zircon age of 40.98 ± 0.44 Ma (fi g. 10). 
These Late Eocene dates suggest the Avon Volcanic 
Complex may be slightly younger than both the Low-
land Creek Volcanics to the south (Dudas and others, 
2010) and to volcanic strata in the Garnet Range to the 
west (Callmeyer, 1984).
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Figure 9. Geochemical diagrams from the Avon Volcanic Complex. A: Rocks have a calc-alkaline affi nity with extremely low Magnesium 
content suggestive of highly evolved magmas; B: Note strongly rhyolitic nature of the AVC; C: Spider diagrams of the rhyolite porphyry, 
the most volumetrically important unit in the AVC. Note the strongly spiked nature of the spider diagram with depletion in Nb and Ti and 
LILE enrichment indicative of subduction-related magmatism; D: Rare earth element patterns from the rhyolite porphyry, with a strong 
Eu anomoly suggesting signifi cant fractionation of plagioclase and a high La/Yb ratio also suggests signifi cant magmatic fractionation.
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Figure 10. Geochronologic diagrams from zircon derived from the rhyolite porphyry in the southeastern portion of the Avon Volcanic 
Complex.
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STRUCTURAL GEOLOGY

Fold and Thrust Belt
The Elliston region contains a complex succession 
of Mesoproterozoic to Cretaceous strata imbricated 
along a series of primarily west-dipping thrust faults 
developed along the southeast portion of the Sapphire 
thrust plate (Ruppel and others, 1981; Schmidt and 
others, 1994). Schmidt and others (1994) describe 
signifi cant differences in stratigraphic thickness 
within the Cambrian Silver Hill Formation (thicker 
to the west), the Devonian Three Forks Formation 
(thinner to the west), and the Jurassic Ellis and 
Cretaceous Kootenai formations (thicker to the 
west). In the Elliston area, the primary representation 
of these thrust faults is the juxtaposition of thin 
sheets of folded Mesoproterozoic to Paleozoic strata 
over Mesoproterozoic to Cretaceous strata folded 
within the Black Mountain Syncline. The youngest 
rocks clearly involved in the thrusting are from the 
Cretaceous Blackleaf Formation. However, folds 
within the Elkhorn Mountains Volcanics and steep 
dips within these strata along the intrusive contact 
with the Boulder Batholith suggest that the Elkhorn 
Mountains Volcanics may be deformed immediately 
prior to the emplacement of the Boulder Batholith. 
Intrusive relationships between folded and faulted 
Mesoproterozoic to Cretaceous strata, the Elkhorn 
Mountains Volcanics, and both satellite intrusions 
and plutons of the Boulder Batholith indicate that 
magmatism was pre-, syn- and post-deformational 
(i.e. ca. 85-74 Ma). Recent (U-Th)/He in apatite 
thermochronology from the Boulder Batholith 
suggests that cooling/exhumation through 70°C/~2 km 
could have occurred as early as 66.8 ± 7.5 Ma for parts 
of the batholith (Pignotta and McCann, 2014)(fi g. 7).

Strike-Slip Faults
The Bald Butte fault has been mapped as a re-

gional strike-slip fault with a dextral offset of 28 km 
that extends from Helena, Montana to east of Ravalli, 
Montana, where it intersects the regional St Mary’s-
Helena Valley Fault (Wallace and others, 1990). 
Schmidt and others (1994) map the structure as a dex-
tral oblique slip normal fault, down on the south. In 
the Greenhorn Mountain quadrangle, the fault appears 
to dip shallowly to the north, and juxtaposes the Me-
soproterozoic Empire and Helena Formations (lower 
Belt Supergroup) over the Mesoproterozoic Missoula 

Group (upper Belt Supergroup) and overlying Paleo-
zoic strata, and is therefore mapped as a thrust fault 
(Mahoney and others, unpublished mapping). The 
fault cuts Late Cretaceous rocks of the Black Moun-
tain Syncline, and is apparently overlain by Eocene 
volcanic rocks, restricting the age of the structure to 
Late Cretaceous to Paleocene (Wallace and others, 
1990; Schmidt and others, 1994).

Normal Faults
Prominent high angle normal faults within the 

Elliston area occur along the eastern edge of the Avon 
Valley and along Dog Creek, but are common to the 
west and south (fi gs. 2, 3). Many of these faults cut 
both Cretaceous and Eocene rocks, and must post-date 
these units, but a younger limit on extension is diffi -
cult to pinpoint. Along the east side the Avon Valley, a 
north-northwest trending fault (the Illinois Ridge fault 
of Schmidt and others (1994)) cuts rhyolitic rocks of 
the Avon Volcanic Complex and forms the eastern 
edge of the Eocene-Oligocene(?) Avon basin strata, 
which suggests a structural control on deposition of 
Avon basin strata. The Dog Creek fault drops Elkhorn 
Mountains Volcanics down to the east against folded 
Paleozoic and Mesozoic rocks, requiring post-Late 
Cretaceous movement. Schmidt and others (1994) 
show the Dog Creek fault overlain by rhyolite of the 
Avon Volcanic Complex, suggesting post-Late Creta-
ceous, pre-Eocene displacement.

QUATERNARY AND GLACIAL 
GEOLOGY

Alden (1953) provided the fi rst detailed descrip-
tions of glacial deposits in the region, and attributed 
them to a pre-Wisconsinan and a Wisconsinan glacial 
advance. Ruppel (1962) performed detailed mapping 
of glacial erosional and depositional features in the 
northern Boulder Mountains. The bedrock-focused 
work of Schmidt and others (1994) also mapped ex-
tensive undifferentiated glacial deposits in the Elliston 
area. Locke and Smith (2004) compiled data from 
above sources supplemented with additional mapping 
and provided the fi rst comprehensive overview of 
Pleistocene ice extent in western Montana including 
the Boulder Mountains. 

New Mapping and Beryllium-10 D ating
Beginning in 2008, new 1:24,000-scale mapping 

of glacial deposits in the Elliston area was supported 
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by Minnesota State University, University of Wiscon-
sin-Eau Claire, and USGS EDMAP. This new map-
ping identifi ed a broader extent of glaciation than de-
scribed by previous investigations, and differentiated 
glacial tills from glaciofl uvial landforms in the Little 
Blackfoot River valley just below the confl uence with 
Telegraph Creek. Extensive lateral moraine sets can be 
traced throughout the study area, and complimentary 
ice-marginal features such as lateral meltwater chan-
nels incised into bedrock were also identifi ed. New 
mapping also clarifi ed the extent of cirque glaciers in 
the vicinity of Nevada Mountain (fi g. 11).

Cosmogenic nuclide dating of boulders from the 
maximum extent of the Elliston moraine from a loca-
tion just north of Elliston village was conducted at 
the PRIME Isotope Lab at Purdue University. Boul-
ders were sampled and processed following standard 
procedures (Gosse and Phillips, 2001). A mean age of 
16.7 ka BP (thousands of calendar years before pres-
ent; Table 1) from four boulders is consistent with 
many “Pinedale” aged mountain glaciers in the north-
ern Rockies that appeared to reach maximum extent 
between the global Last Glacial Maximum of ~21 ka 
and the onset of the Bolling-Allerod interstadial after 
15 ka (fi g. 12).

Ice Source(s)
Pleistocene glacial deposits of the Elliston region 

have two sources: a large ice cap system centered on 
the northern Boulder Mountains, and isolated cirque 
glaciers in the general vicinity of Nevada Mountain 
(fi g. 11). 

Deposits of the Little Blackfoot River drainage 
represent the northernmost extent of a Pleistocene 
ice cap that developed on the Boulder Mountains, 
fi rst described by Ruppel (1962). This system devel-
oped from a series of coalescing cirque glaciers, and 
reached a maximum area of approximately 500 km2. 
Only the highest peaks of the Boulder Mountains, such 
as Red and Thunderbolt mountains, would have risen 
from the ice mass as nunataks. The most prominent 
terminal deposits of the ice cap can be found in the 
Boulder River and Little Blackfoot River valleys. In 
the Elliston area, valley outlet glaciers occupying the 
Telegraph Creek and Little Blackfoot River drainages 
coalesced and created the suite of glaciogenic features 
evident in the vicinity of the village. 

To the north, Pleistocene cirque glaciers devel-
oped in a number of drainages along a low range of 
primarily Missoula Group sediments now forming the 
continental divide centered around Nevada Mountain. 
Cirques are well developed in the headwaters of the 
Little Prickly Pear and Threemile Creek watersheds, 
though well-preserved moraines are not consistently 
associated with erosional landforms. Equilibrium-line-
altitude analysis of cirques in this area suggest that 
mean summer temperatures in the region were 12-
13°C colder during maximum Pleistocene ice extent 
relative to today (Wittkop and others, 2011).

Glacial Tills
Unconsolidated ice-deposited polymicts (tills) 

in the Elliston region consist of a silty, buff colored 
matrix supporting clasts of igneous and sedimentary 
rocks including prominent Elkhorn Mountains Volca-
nic and Boulder Batholith lithologies. These polymicts 
often contrast strongly with monolithic regoliths of 
unglaciated terrain. In situ clasts may show evidence 
of glacial polish and striations and can include large 
boulders a meter or more in size. The till preserves 
hummocky surfaces in many areas, most prominently 
in the fl oor of the Little Blackfoot River valley. Lateral 
moraines are also prominent on the valley margins up 
to the maximum extent of late Pleistocene ice.

Glaciofl uvial Deposits
Glaciofl uvial deposits are prominent locally in the 

Little Blackfoot River valley, particularly in the vicin-
ity of Elliston village and upstream to the confl uence 
with Telegraph Creek. The valley-fl oor deposits vis-
ible from the wayside at the base of MacDonald Pass 
include prominent recessional moraines surrounded by 
large fl ats of glaciofl uvial sands and gravels. Smaller, 
higher-elevation glaciofl uvial terraces are also present 
and can be observed along the Little Blackfoot River 
Road south of US 12. These deposits are less promi-
nent west of Elliston village. 

Erosional Landforms
Well-developed, presumably late Pleistocene 

cirques are evident in Nevada Mountain vicinity. Rup-
pel (1962) provides detailed descriptions of glacial 
erosional landforms in the Boulder Mountains. Lateral 
meltwater channels incised into Elkhorn Mountains 
Volcanic bedrock can be found on the east side of 
Telegraph Creek just prior to its confl uence with the 
Little Blackfoot River.
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Periglacial Features
Schmidt and others, (1994) mapped undifferenti-

ated deposits on the high fl anks of the Continental 
Divide which do not appear to be glacial in origin but 
may represent periglacial features. Openwork boulder 
fi elds are noted in the vicinity, including in cirques 
of the Deadman Creek watershed and on the eastern 
slope of the Continental Divide just south of MacDon-
ald Pass. These features have not been subjected to 
detailed investigations, but potentially represent rock 
glacier and/or felsenmeer type deposits. 

ROAD LOG 
(STOPS SHOWN ON FIGURE 3)

MILEAGE

0.0 Lions International Sunshine Camp.

The Sunshine Camp is on Little Blackfoot River, 

just north of its confl uence with Slate Creek. The 
ridges above the Camp are Cretaceous Elkhorn Moun-
tains Volcanics (Kem) in fault contact with Paleozoic 
and Mesozoic sediments to the north (fi g. 3).

1.2 Junction of Little Blackfoot River road (FS 
227) and the Telegraph Creek road (FS 495).

The Little Blackfoot River Valley broadens at this 
point, revealing abundant Quaternary deposits of the 
Little Blackfoot River. Cliffs to west are the Creta-
ceous Elkhorn Mountains Volcanics. The Continental 
Divide is visible to the east. The hills on the west side 
of the continental divide are andesite fl ows and volca-
niclastic sediments of Elkhorn Mountains Volcanics. 
The Butte Granite of the Boulder Batholith forms the 
continental divide, with the instrusive contact with 
Kem just below the ridge line. Drainage visible to 
north is Dog Creek. Grassy slopes on the east side of 
Dog Creek are Kem andesite and sediments.

Table 1. Beryllium-10 data from Elliston moraine boulders. Exposure ages calculated with 
constant production rate model using Cronus-Earth exposure age calculator wrapper script 2.2, 
main calculator 2.1, constants 2.2.1, muons 1.1.

Figure 12. Timeline of major regional and global late Pleistocene events relevant to this study. Data sources as follows: 1. Davis and 
others, 2006. 2. Clauge and others, 2003. 3. Licciardi and Pierce, 2008. 4. Carrara, 1989. 5. Hoffman and Hendrix, 2010. Jones Lake 
chronology (Ovando Valley) from Shapley and others, 2009.
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1.5 Cross Little Blackfoot River.

3.0 STOP 1   Regional Overview

Roadside stop along the wide valley of the upper 
Little Blackfoot River. View to the northeast into the 
Dog Creek drainage toward Mullan Pass. Note hum-
mocky Quaternary deposits in foreground. Andesitic 
volcanic rocks and volcanciclastic sediments of the 
Elkhorn Mountains Volcanics are exposed east of Dog 
Creek. Ridges to west of Dog Creek are underlain 
by folded and thrust faulted Paleozoic and Mesozoic 
sediments along the southeast edge of the Sapphire 
thrust plate. Quarry visible in the middle foreground 
is a limestone quarry in the Mississippian Lodgepole 
Formation (see Stop 5).

3.5 Borrow pit on Little Blackfoot River Road 
(short stop if time). 

Glaciofl uvial terrace developed during recession 
of the Telegraph Creek and Little Blackfoot River 
glaciers. Similar glaciofl uvial deposits form a series 
of terraces along the west side of the Little Blackfoot 
River road. Some exposures contain steeply dipping 
foresets and other soft sediment deformation features 
consistent with deposition in a dynamic, ice-contact 
environment.

4.2 Junction of the Little Blackfoot River road and 
Montana Highway 12. Turn west on Highway 12.

Prominent cliffs to north and cliffs at the intersec-
tion are west dipping Pennsylvanian Quadrant For-
mation within a west dipping panel of Paleozoic and 
Mesozoic rocks in the footwall of the Sapphire thrust 
plate.

4.7 Elliston Montana.

Elliston began as a trade center for nearby min-
ing districts in the early 1880’s. The Northern Pacifi c 
Railway built a line through Elliston for its line from 
Logan, Montana, to Garrison, Montana in 1883. 
Elliston was likely named for the Northern Pacifi c 
Railroad’s director, John Ellis. The town reached its 
peak in population and activity during the fi rst half of 
the 1890s, when the town’s primary economic base 
was woodcutting. Cutting cord wood for the Anaconda 
Copper Mining Company’s smelter at Anaconda em-

ployed more than one hundred wood cutters. The town 
was destroyed by fi re in 1894 and again in 1895.

5.0 Spotted Dog Creek forest service road. 
LawDog’s Saloon.

Spotted Dog Creek road runs to south and leads to 
westernmost exposures of the Eocene Avon Volcanic 
Complex unconformably overlying Cretaceous Koo-
tenai Formation and sediments of the Elkhorn Moun-
tains Volcanics.

5.7 Road cut in rhyolite of Avon Volcanic 
Complex.

7.6 Columnar jointed rhyolite plug within Avon 
Volcanic Complex (see Stop 4).

Cliffs exposed along north side of Little Blackfoot 
River for next three miles are rhyolitic volcanic rocks 
of the Avon Volcanic Complex capped by Tertiary 
lacustrine and fl uvial sedimentary rocks.

10.4 Turn south onto Snowshoe Creek road. 

10.6 Cross Little Blackfoot River.

11.2 Note view to west. Forested ridges to the north 
and south of Avon, MT are underlain by rhyolitic 
rocks of the Avon volcanic complex. Ridges on the 
western skyline are primarily composed of Cretaceous 
sedimentary rocks in the upper plate of the Sapphire 
thrust fault.

14.3 Junction of Snowshoe Creek road (FS 100) and 
Clark Canyon road (FS 192). Bear right onto Clark 
Canyon Road.

The Snowshoe Creek drainage, visible to the 
north, runs along the eastern intrusive contact between 
Cretaceous plutonic rock of the Blackfoot City Stock 
and folded Paleozoic and Mesozoic rock in the Black 
Mountain Syncline (Schmidt and others, 1994). Roll-
ing grassy hills to the north and east are underlain by 
fi ne-grained Eocene sedimentary rocks deposited in a 
fl uvial and lacustrine basin overlying the Avon Volca-
nic complex. The fi ne-grained red sandstone, siltstone 
and clay is exposed in the slope failure visible on the 
hillside to the north. Rotational slumps and slope fail-
ures are common in the grassy hills to the east.
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16.7 STOP 2    Mesoproterozoic Bonner 
         Formation

Right angle bend to north in road at corral. Park 
vehicles and proceed across fi eld to mouth of Gold 
Canyon Creek.

Mesoproterozoic Bonner Formation of the Mis-
soula Group is exposed at the mouth of Gold Canyon 
Creek. Medium to thick bedded, cross-stratifi ed me-
dium to coarse-grained moderately sorted feldspathic 
arenite that represents the coarsest unit within the 
Missoula Group. These rocks are contained in a west 
dipping thrust plate that places Mesoproterozoic and 
lower Paleozoic sedimentary rocks over the Paleozoic 
and Mesozoic rocks of the Black Mountain Syncline.

18.5 STOP 3    Mesoproterozoic/Cambrian 
         Unconformity

Grant’s Quarry. Approximately 100 meters west of 
the National Forest boundary.

Angular unconformity between the Mesoprotero-
zoic McNamara Formation of the Missoula Group and 
the overlying Cambrian Flathead Sandstone. McNa-
mara Formation consists of thin to medium-bedded 
fi ne to medium-grained feldspathic arenite, siltone 
and shale. Beds are tabular and laterally continuous, 
and display ripple cross-lamination, parallel lamina-
tions, graded bedding and basal scour surfaces. Unit 
is deformed into a broad anticline and cut by a small 
normal fault. Contact with the overlying Flathead 
Sandstone is well exposed in the ridges to the north, 
but here is obscured by large boulders of medium to 
coarse-grained, planar to cross-stratifi ed siliceously 
cemented quartz arenite of the Flathead Sandstone on 
the hillside on the east end of the quarry.

Return to Highway 12.

21.1 Cross North Trout Creek.

22.7 Junction of Snowshoe Creek road (FS 100) 
and Clark Canyon road (FS 192). Bear left toward 
Montana Highway 12.

26.7 Junction Snowshoe Creek Road and Montana 
Highway 12. Turn east toward Elliston.

29.3 STOP 4    Columnar jointed rhyolite 
         of the Avon Volcanic 
         Complex

Columnar jointed rhyolite plug (volcanic neck?) 
within Avon Volcanic Complex. For the purposes of 
time management and safety, this stop is out of geo-
chronologic order. The Avon volcanics are an Eocene 
volcanic complex strongly dominated by rhyolite 
fl ows. This stop examines spectacularly columnar 
jointed, fl ow-foliated primarily aphanitic rhyolite 
interpreted to be a volcanic plug which served as a 
conduit for the widespread rhyolite fl ows and volcanic 
breccias in the area.

31.8 Elliston, Montana.

32.8 Little Blackfoot Road turnoff. Continue east on 
Highway 12.

33.0 Cross Little Blackfoot River.

34.3 Mullen Road Historic Point.

34.4 Turn left onto quarry road, keep left.

34.8 STOP 5    Mississippian Lodgepole 
         Formation and Quaternary 
         overview

The Bear Town Sign Company. Chainsaw art by 
Ern Johnson. Mr. Johnson is very interested in geol-
ogy, and is happy to host our trip. Park in the lot, and 
be sure to tour the gift shop!

The Bear Town is built on the old workings of 
a lime quarry that was an important industry of the 
district in the 1890s. The quarry and lime plant were 
operated by the Elliston Lime Company, who mined 
Madison limestone from these prominent outcrops. 
The limestone was then roasted in kilns that lined the 
right-of-way of the Northern Pacifi c Railway. The lime 
kilns were continuous kilns, which were essentially 
vertical furnaces made of mortar, brick, wire cable and 
wood poles. The square-shaped kilns had openings at 
the top and at the base. Alternate layers of wood fuel 
and quarried limestone cobbles were stacked inside 
the kiln, and fi red at a high temperature. Wood and 
limestone was continuously fed into the top of the 
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kiln while the resulting and powdery quicklime was 
shoveled from the bottom kiln mouth into wood bar-
rels. The chemistry of lime-burning process is simple. 
Limestone is mostly calcium carbonate (CaCO3). 
When heated at 700°C (1650°F), it decomposes to 
yield calcium oxide (CaO or quicklime) and carbon 
dioxide gas. Historically, kilns were fi red for 48 to 
72 hours, with additional time allowed for cooling. 
The kilns here produced about 5000 tons of lime/year 
(Knopf 1913).

The quarry was developed in the upper portion of 
the Lodgepole Formation, very close to the contact 
with the overlying Mission Canyon Formation. The 
Lodgepole Formation consists of medium to thick 
bedded, laterally continuous fossiliferous packstone 
to rudstone containing abundant crinoidal fossil hash. 
The beds are organized into fi ning upward couplets 
characterized by basal crudely laminated bioclastic 
packstone to rudstone that grades upward to wacke-
stone and micrite, indicative of mass sediment gravity 
fl ows. The Lodgepole forms the core of a north-plung-
ing anticline in the footwall of the Sapphire thrust 
plate. The prominent west dipping strata on the ridges 
north of Elliston represent the western limb of this 
anticline.

The prominent Quaternary deposits in the Little 
Blackfoot valley fl oor between the confl uences of 
Telegraph and Dog creeks represent an assemblage of 
recessional moraines and glaciofl uvial deposits that 
formed during deglaciation of the Pleistocene Boulder 
Mountains ice cap. Large valley glaciers occupying 
the drainages of Telegraph Creek, the Little Blackfoot 
River, and Tenmile Creek were the primary outlets on 
the north side of the ice cap. 

The highest relief features in the valley fl oor are 
recessional moraines which locally contain large boul-
ders and small kettle ponds. Low relief features are 
braided fl uvial deposits of meltwater streams, which 
form two prominent terrace levels above the Holocene 
alluvial plain. Braid plains are evident in aerial photos 
on well-preserved surfaces of the largest terraces. 

The maximum extent of Pleistocene ice in the vi-
cinity is much higher than suggested by fi rst glance at 
the valley fl oor. The highest hummocks on recessional 
moraines in the valley fl oor approach 5300 feet in 
elevation, while the maximum extent of ice due west 

of Camp Child was mapped to an elevation of over 
5900 feet. Glaciated hillslopes can be identifi ed by 
the presence of lateral moraine sets and cobbles and 
boulders of Elkhorn Mountains Volcanics and Boulder 
Batholith phases. Exposures of glaciofl uvial sediments 
and glacial tills can also be observed as US 12 climbs 
the west side of MacDonald Pass.

Coalescing ice from the Telegraph Creek and 
Little Blackfoot outlet glaciers crossed the valley in 
the vicinity of the Lodgepole Formation quarry at 
Bear Town and pushed up the hillside to an elevation 
of approximately 5900 feet, or about 300 feet above 
the quarry. This confi guration would have created an 
ice dam on Dog Creek to the northeast, leading to 
the development of a glacial lake, though the buried 
glaciolacustrine sediments observed in the valley in 
fresh road cuts during the 1931 fi eld season by Alden 
(1953) could not be relocated in recent mapping. Four 
boulders sampled for cosmogenic 10Be dating near 
the terminal moraine margin north of Elliston returned 
a mean age of 16.7 ka BP (thousands of years before 
present), suggesting that the deposits of the Little 
Blackfoot valley fl oor formed after this time.

35.4 Junction Lime Quarry Road and Highway 12. 
Turn left (east).

35.9 Dog Creek Road turn off to Mullan Pass on 
left. 

Continue on toward MacDonald Pass. Road cuts 
along highway consist of volcaniclastic sediments of 
the Elkhorn Mountains Volcanics.

37.6 Artesian spring set in road monument on left.

38.6 Helena National Forest Boundary.

39.4  MacDonald Pass Recreation Area. Turn right. 
Proceed to MacDonald Pass Vista.

40.0 STOP 6    Boulder Magmatic Suite/
         MacDonald Pass Vista

MacDonald Pass is on the Continental Divide, 
and this vista provides an excellent overview of the 
Boulder Batholith. View to east into the Helena Val-
ley and the Missouri River drainage. Mountains on 
the eastern skyline are the Big Belt Mountains, which 
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contain a thick succession of folded Proterozoic to 
Mesozoic sedimentary strata. Highway 12 to the east 
parallels Ten Mile Creek, which is fl anked on both 
sides in the foreground by the Colorado Gulch grano-
diorite, and towards Helena by metasedimentary rocks 
along the northern edge of the Unionville granodiorite. 
The northern edge of the batholith roughly parallels 
the Helena Valley, extending from Helena northwest 
to just north of Priest Pass, the next pass to the north 
along the continental divide. The Butte Granite, the 
most volumetrically signifi cant component of the 
Boulder Batholith, underlies the forested topography 
to the south of the viewpoint. The western margin of 
the batholith forms an irregular intrusive boundary 
with the Elkhorn Mountains Volcanics to the west 
and south of the viewpoint. The contact between the 
Camp Thunderbird Monzogranite, an early pluton 
in the Boulder Batholith and the Elkhorn Mountains 
Volcanics is exposed on the viewpoint, where coarse-
grained biotite quartz monzonite intrudes andesitic 
tuffs, volcaniclastic sedimentary rocks and minor 
andesite lava.

Return to Highway 12

40.6 Highway 12, head west to Elliston.

42.4 Artesian Spring. Artesian spring emanates 
from Elkhorn Mountains volcaniclastic sedimentary 
rocks. Sedimentary rocks of the Elkhorn Mountains 
Volcanics dip steeply to the north at this point. Along 
the western edge of the batholith, volcaniclastic rocks 
tend to dip steeply with a strike at a high angle to 
the intrusive boundary, suggesting that the Elkhorn 
Mountains Volcanics were folded prior to being 
intruded by the Boulder Batholith.

This artesian spring was apparently discovered 
when the MacDonald Pass road was originally built 
as a toll road in 1867. The monument was built when 
the road was widened to four lanes in the 1970s. The 
spring fl ows at an impressive rate, and yields excellent 
quality water. Be sure to fi ll up your water jugs prior 
to returning to Elliston!!

45.9 Little Blackfoot River.

46.1 Little Blackfoot River Road.

46.7 Elliston.

47.0 Turn north into scenic downtown Elliston.

47.4 STOP 7    Little Blackfoot River/
         Pennsylvanian Quadrant/
         Permian Phosphoria 
         Contact

Abandoned quarry at the contact between Penn-
syvlanian Quadrant Formation and the overlying 
Permian Phosphoria Formation. The boundary is indi-
cated by beds of phosphatic oolites, lithic sandstone, 
and minor conglomerate. The thin bedded chert that 
characterizes the formation elsewhere in the area is 
not exposed at this outcrop. Grassy slopes to west are 
underlain by Jurassic sedimentary rocks. Cliffs visible 
to the west are rhyolite of the Avon Volcanic Complex.

End of fi eld trip. Return to Elliston.
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FIELD TRIP TO THE NEVADA LAKE BRECCIAS, POWELL COUNTY, MONTANA

C. McDonald, J.D. Lonn, S.M. Vuke, and J.G. Mosolf 

Montana Bureau of Mines and Geology, Butte, MT 59701, kmcdonald@mtech.edu

This ½ day fi eld trip to the Nevada Lake area 
requires a round-trip drive of about 70 miles from 
the Sunshine Camp south of Elliston, Montana, and 
a moderate off-trail hike of about 3 miles and less 
than 1,000 feet of elevation gain/loss. There are two 
stops, both near Nevada Lake (fi g. 1). The accompany-
ing road log begins near Elliston and ends at Nevada 
Lake. 

INTRODUCTION

The Montana Bureau of Mines and Geology 
recently completed fi eld work for the Geologic Map 
of the Elliston 30′ x 60′ quadrangle (McDonald and 
others, in prep). Near 
Nevada Lake at the 
northwestern end of the 
Avon Valley, an area of 
brecciated Mesoprotero-
zoic Bonner and Mount 
Shields formations cov-
ers more than 2 square 
miles. The authors dis-
agree on the origin of the 
breccia; Lonn interprets 
it as a Tertiary sedimen-
tary deposit, whereas 
McDonald and Vuke 
suggest that it is mostly 
of tectonic origin. 

Figure 2 shows the 
geology near Nevada 
Lake. The map shows 
two types of breccia. 
One is brecciated bed-
rock (designated by 
black triangle) and the 
other is a sedimentary 
breccia (map unit Tbr). 
Lonn suggests that much 
of the area with the black 
triangles is actually 

sedimentary breccia and would include it in map unit 
Tbr. He believes the breccia’s extensive distribution, 
position above the roadside Belt outcrops, contacts 
with Tertiary volcanic rocks, association with mapped 
landslides, and location on the downthrown side of the 
valley-bounding fault all suggest a sedimentary origin. 

McDonald and Vuke believe the breccia in the 
areas shown by black triangle is tectonic. They in-
terpret the corridor between the Avon and Nevada 
Creek valleys as a complex brittle fault zone marked 
by extensive brecciated and highly fractured bedrock. 
The brecciated rock consists of angular clasts with no 
obvious matrix that grades into highly fractured bed-

Figure 1. Location map showing fi eld trip stops.
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Figure 2. Geologic map of the Nevada Lake area (modifi ed from McDonald and others, in review).
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rock (fi g. 3). They do interpret the small area mapped 
as Tbr (fi g. 2) as a sedimentary breccia, deposited as 
a colluvial-wedge on the downthrown side of a NW 
striking fault. The interpretation is based primarily 
on map pattern and lack of discernable bedding in 
outcrop (fi g. 4). And, unlike the tectonic breccia, this 
sedimentary breccia appears to contain a clay infi lling, 
as well as quartzite clasts. 

We hope fi eld trip participants will, by examining 
the breccia and the nearby Belt and Tertiary volcanic 
rocks, contribute their own ideas.

ROAD LOG

 The road log begins at the intersection of the Little 
Blackfoot Road and Highway 12.

MILEAGE

0.0 Little Blackfoot Road-Highway 12 
Intersection. Hills to north and south of highway 

underlain by thrust faulted Paleozoic and Mesozoic 
sedimentary rock. 

0.8 Town of Elliston. Continue west. For the next 
3 miles, the timbered hills south of highway are 
underlain by Tertiary (Eocene) rhyolite and dacite 
of the Avon Volcanic fi eld. North of the highway, 
beyond the Little Blackfoot River, the sparsely 
timbered low hills are underlain by mudstone and 
siltstone of the Climbing Arrow Member of the 
Tertiary Renova Formation and Tertiary porphyritic 
rhyolite.

3.5 Large cliff of dacite on south side of road.

6.2 U.S. Forest Service “Snowshoe Access” road 
to north. Renova Formation forms low hills on both 
sides of road. 

7.4 Outcrop of Renova Formation on south side of 
road. 

8.5 Rhyolite porphyry in road cut to south also 
underlies the timbered hills north of highway. A 
K-Ar date on sanidine from the porphyry yielded an 
age of 39.4±1.6 Ma (Chadwick, 1981) and a U-Pb 
zircon age of 40.8±0.17 Ma (McDonald and others, 
in prep).

8.7 Avon Cafe.

8.9 Cross Little Blackfoot River.  

9.1 Turn right on Highway 141, pass through town 
of Avon. For the next 18 miles, the road traverses 
the Avon Valley, a northwest-trending graben lying 
between the Garnet Range to the west and the Nevada 
Mountains to the east.

9.3 Alluvial gravels in road cut on east.

9.7 Climbing Arrow Member of Renova Formation 

Figure 3. Photograph of fractured and brecciated Bonner Formation 
exposed in quarry at Stop 2.

Figure 4. Photograph of outcrop of Tertiary sedimentary (?) breccia ex-
posed on ridge above the quarry at Stop 2.
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in road cut to east.

10.3 Avon Cemetery.

10.9 Cross Threemile Creek. For the next mile, the 
road crosses Quaternary glacial outwash deposits that 
form a prominent apron south and southwest of the 
mountain front and that originated from the Threemile 
Creek drainage.

11.3 Quarry in rhyolite porphyry visible at base of 
hill to east.

11.7 Ophir Creek Road on right. Alluvium along 
Ophir Creek produced placer gold, as did many similar 
stream valleys that drain lode gold-mining districts. 
The Ophir Mining District is one of the largest and 
most productive gold districts in western Montana 
(Loen, 1990).

12.1 Cross Sixmile Creek. For the next several 
miles, pale olive green bentonitic mudstone and 
yellowish gray siltstone beds, typical of the Climbing 
Arrow Member of the Renova Formation, are visible 
in road cuts and low hills adjacent to road. The 
member is prone to landslides. 

16.5 The top of the hill is the drainage divide 
between Little Blackfoot River to south and Blackfoot 
River to north. The divide coincides with a gravity 
high in the subsurface (Hanna and others, 1994; 
Knatterud and others, this volume) that bisects the 
Avon Valley. We suspect the gravity high marks an 
eastward continuation of a NE trending high-angle 
fault mapped by Mosolf (in review) in the Garnet 
Range. 

17.3 Power station on left.

17.9 The timbered hill to the west is Antelope 
Butte, a northwest trending syncline underlain by the 
Renova Formation. The lower slopes are the Eocene 
Climbing Arrow Member. Antelope Hill is capped by 
beds of gastropod-bearing marlstone, limestone, tufa, 
travertine, and local gastropod coquina that in many 
places overlie coarse-grained sandstone with plant 
impressions, petrifi ed wood, and associated shale. 
These beds are equivalent to the Miocene/Oligocene 
Cabbage Patch beds of the Renova Formation. In 
some places in the Garnet Range, this member 

overlies volcanic rock that yielded a U-Pb zircon date 
of 29.95±0.17 Ma (Mosolf and Vuke, in review). The 
carbonate beds on Antelope Hill are locally silicifi ed 
to white-weathering, gray porcellanite and variegated 
chert that was quarried by native peoples for projectile 
points. The “Avon Chert” has a distinctive chemical 
signature and has been found as distant as Illinois 
(Roll and others, 2005).

20.5 Climbing Arrow Member of Renova Formation 
to east of road.

21.4 Reddish dark brown Climbing Arrow Member 
with abundant plant fossils, dark brown paper shale, 
and sandy lenses is in road cut to east.

22.3 Cross Nevada Creek. To right (east) is the 
upper Nevada Creek Valley. The high mountains in the 
distance are underlain by Mesoproterozoic Belt rocks. 
The range front is defi ned by aligned faceted spurs 
that mark the location of the down-to-the-west normal 
fault on the east side of the Avon Valley. Immediately 
west of the fault are large Tertiary deposits. The low 
hills on either side are of the creek are underlain by 
Renova Formation.

22.6 Cross Washington Creek. Washington Creek, 
along with Nevada, Jefferson, and California Creeks 
were all placered for gold derived from lode deposits 
around the margins of the Dalton Mountain Stock. 
The stock intruded Mesoproterozoic Belt rocks and is 
located approximately 6 miles due north.
22.8 Nevada Creek road on right. For next several 
miles, Climbing Arrow Member of Renova Formation 
is exposed in road cuts. The high mountains to the east 
and north are underlain by Belt rock, to the west the 
mountains are predominantly Tertiary volcanic rock. 

24.5 Dalton Mountain Road on right.

25.2 Tertiary (Eocene) dacite and volcaniclastic 
sediments in road cut on right. These rocks occur in 
road cuts for about next 1.5 miles. 

26.7 Outcrop on left (south) is lithic tuff in contact 
with the Mesoproterozoic Bonner Formation.

26.9 Bridge over Clear Creek.

27.1 Clear Creek Road to right, Nevada Lake on 
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left is just coming into view. For the next fi ve miles, 
the road travels through a narrow valley that separates 
the Avon and Nevada Creek Valleys. Most of the 
bedrock exposed on the north side of the road is the 
Mesoproterozoic Mount Shields Formation members 2 
(quartzite) and 3 (grayish red argillite), and the Bonner 
Formation (quartzite). Several high angle northwest 
trending faults that parallel the road fractured and 
brecciated the Mesoproterozoic rocks. 

27.2 STOP 1

Pull over and park on the gravel road on left 
(south) side of highway. Cross highway to road cut on 
north (Highway 141 is busy so use caution). The con-
tact between Tertiary (Eocene) volcanics and Mount 
Shield Formation, member 3 (Mt Shields 3) is exposed 
in the road cut (best exposure is in terraced benches 
above the road).

The volcanic rock includes lithic ash fl ow tuff 
with angular and rounded Belt clasts, volcanic clasts, 
and plant fragments; thin dacite(?) fl ows; and possible 
volcaniclastic beds. We tentatively interpret this unit 
(fi g. 2, map unit Tdat) as equivalent to ash fl ows found 
at the base of and intercalated with Eocene porphy-
ritic dacite lava fl ows elsewhere in the eastern Garnet 
Range volcanic fi eld (Mosolf, in review; Mosolf and 
Vuke, in review; McDonald and others, in prep). The 
porphyritic dacite (and associated ash fl ows) represent 
one of the older deposits in the Eastern Garnet Range 
volcanic fi eld based on zircon separates that yielded 
U-Pb zircon ages spanning 46.2 to 48.1 Ma. 

Walk northwest along the highway to an outcrop 
of gently south-dipping, grayish red quartzite-argillite 
with couples and couplets. There are abundant salt 
crystal casts on the argillite bedding planes. The out-
crop is Mt Shields 3. Some bedding-parallel zones of 
breccia are apparent in this outcrop, lending support to 
the interpretation of McDonald and Vuke. 

Return to the cars and continue west for 0.7 miles 
to a gravel track in a gully on the right that accesses a 
small quarry. Turn right and pull into quarry.

27.9 STOP 2 

We will gather, discuss the geology of the quarry 
walls, and then begin our hike. 

This small quarry is located in thick-bedded, 
poorly-sorted, fi ne- to coarse-grained feldspathic 
quartzite that we interpret as the Bonner Formation. 
The rock contains common granule-sized grains and 
abundant mud rip-ups and red argillite interbeds. The 
Bonner dips to the southwest, is highly fractured, has 
breccia zones, and rare surfaces with slickenlines. The 
“brecciation” we see here is typical of most quartzite 
outcrops along the corridor between the Avon and 
Nevada Creek valleys. One goal today is to determine 
if the tectonic breccia we see in the quarry differs from 
the other breccias we will observe. 

According to our mapping (fi g. 2), we have come 
downsection from the outcrop of Mount Shields 3 
at Stop 1 yet we are stratigraphically above the Mt 
Shields 3, necessitating the fault shown in fi gure 2.

From the quarry, walk northeast through a gate and 
up the small valley. Although boulders of quartzite 
breccia litter the valley fl oor, by about 0.25 miles up-
valley we see outcrops of red argillite with salt casts, 
indicating that we have gone down section from the 
Bonner into the underlying Mt Shields 3 Formation. 

Turn to the northeast and ascend the steep for-
ested slope to the knob near the section corner. At the 
knob are large outcrops of cemented quartzite breccia 
consisting of angular cobble- to boulder-sized clasts 
(Tbr, fi g. 2), similar to the boulders we saw in the 
valley. Some of the fl oat contains possible clay clasts. 
Bedding is not apparent. McDonald, Vuke, and Lonn 
agree this could be a sedimentary breccia. Note the 
abrupt tree line at the east edge of the Tbr outcrops; 
the trees appear to prefer the quartzite substrate over 
fi ne-grained Tertiary volcanics immediately to the 
northeast (fi g. 2, map unit Tdat- lithic dacite tuff) 
which supports grass and sagebrush. The edge of the 
trees (and the edge of the breccia) is very straight and 
may mark the northwest striking fault that we crossed 
between stops 1 and 2.

From the knob, walk northeast into the grassy 
area. A lack of angular quartzite cobbles indicates we 
are out of the sedimentary breccia (Tbr) and into the 
fi ne grained volcanics (Tdat). Some digging produces 
brown soil that contains rare rounded pebbles and cob-
bles that appear to be weathered out of the lithic tuff. 
Keep walking northeast. Cross a saddle, an old road, 
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and proceed uphill to a well-established two-track 
road where angular quartzite boulders are encountered. 
Turn left (NW) on the road which ascends a hill of 
angular quartzite fl oat and rare boulders of breccia.

The origin of the breccia in this area is where the 
authors disagree. McDonald and Vuke show a second 
fault along the base of the slope that juxtaposes volca-
nic deposits (Tdat) to the south against Mesoprotero-
zoic Mt Shields 2 on the north (fi g. 2). They interpret 
the brecciated Mt Shields outcrops (black triangles) 
north of the fault as tectonic breccia. Lonn interprets 
the breccia as sedimentary and thinks it overlies the 
volcanic deposits. We will examine the breccia in this 
area to try to determine which interpretation is correct. 
If it is a sedimentary breccia overlying fi ne-grained 
volcanics as Lonn suggests, it could explain the land-
slides mapped to the northeast (fi g. 2).

Continue walking up the road for about 0.5 miles 
to where it splits. Take the left fork. Follow the road 
through more quartzite breccia fl oat for another 0.5 
miles until a switchback in an open (grassy) area is 
encountered. 

Option 1: If time permits, continue up the road 
until another fork is reached, and again take the left 
fork. The left-hand road contours along the slope and 
crosses a NE-striking fault before the road turns south 
and heads downhill (fi g. 2). Lonn interprets the fault 
as separating his Tertiary sedimentary breccia from 
Mt Shields 2 bedrock. McDonald and Vuke believe it 
is bedrock on both sides of the fault. If you continue 
down the road, you will go downsection into the un-
derlying Shepard Formation. There is additional brec-
cia exposed along the road that Lonn, McDonald, and 
Vuke all agree is tectonic and related to faulting.

Option 2: Most likely, time will be short, so near 
the switchback in the open area, leave the road and 
head southwest, down the hill to an open, fl at saddle. 
The saddle marks the northwestward continuation 
of the NW-striking fault(s) observed earlier (fi g. 2). 
At this location, basalt (Tba) is faulted against Mt 
Shields 2. The basalt is one of the youngest volcanic 
units in this area (Oligocene) with a K-Ar age date 
of 32.3±1.3Ma (Mitchell Reynolds, U.S. Geological 
Survey, written commun., 2015). Continue south along 
the ridge to a small knob. The basalt on the knob ap-
pears to dip gently northeast into the fault, suggesting 

that movement on the nearby NW trending faults is 
younger than about 32 Ma.

Traverse down the steep south side of this knob, 
crossing basalt for several hundred vertical feet. If the 
fl ows really dip northeast, then they comprise a thick 
sequence that covers more than a square mile. As the 
terrain fl attens, follow a fi ngerlike ridge straight south. 
When it steepens, descend left (west), where more 
quartzite breccia is encountered. It is impossible to 
determine the relationship between the breccia and the 
basalt; mapping shows only that they are in contact in 
several places. The breccia in this area is interpreted 
as a sedimentary breccia and appears to contain clay 
as clasts or possibly a later infi lling. Contour back 
around the ridge to the east and descend into the gully. 
We eventually descending into bedrock, suggesting the 
quartzite breccia overlies the bedrock here. 

Follow the gully back to the car. 
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Photo by Katie McDonald.
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GEOLOGY AND MINERALOGY OF THE EMERY MINING DISTRICT, POWELL 
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INTRODUCTION

The Emery or Zosell mining district is located 
about 6 miles east of Deer Lodge in Powell County 
and is one of several small gold-silver-lead-zinc pro-
ducing districts associated with the Boulder batholith. 
Metal production was from a shallow dipping (5° to 
35° W) north-south vein and a number of related steep-
ly dipping east-west veins. Recent fl uid inclusion and 
isotope data (unpublished data, Korzeb 2015) suggest 
the near surface veins could be related to a deep-seated 
porphyry system that supplied hydrothermal fl uids to 
near surface fractures. This fi eld trip will examine the 
district’s key past-producing mines, the related geol-
ogy, and the alteration mineralogy.

GEOLOGY

Veins are hosted by the Cretaceous age Elkhorn 
Mountains Volcanic suite (Derkey, 1986). Within the 
district these volcanic rocks are represented by tuffs, 
andesite, and basalt. Two types of basalt exposed in 
the district are described by Derkey (1986) as 1) dark-
gray, porphyritic basalt with plagioclase phenocrysts 
and 2) medium green porphyritic basalt with pyroxene 
phenocrysts. Pardee and Schrader, (1933) described 
the basalts as andesite. Because the volcanic rocks 
hosting the veins are highly altered, they are diffi cult 
to accurately classify. South of the district, deutericly 
altered volcanic rocks mapped by Scarberry (2015) 
can be correlated with the basalts within the district. 
Whole rock analysis of these deutericly altered ba-
salts indicates they should be re-classifi ed as basaltic 
andesite. The basaltic andesite fl ows exposed in the 
Emery district are interpreted by Scarberry (2015) to 
be the oldest units of the Elkhorn Mountains Volcanic 
suite. The polymetallic veins in the district are hosted 
by these two basaltic andesite fl ows. The fl ows have 
amygdaloidal and vesicular equivalents throughout the 
district that formed beds or planes of structural weak-
ness. 

The entire region was subject to regional compres-
sive deformation during the Laramide orogeny that 
lasted from approximately 75 to 55 Ma (Houston and 
Dilles, 2013). Two thrust faults that crop out along 
the east side of the district are likely evidence for this 
compression (Derkey, 1986). Thrusting was to the 
east.

When thrust faulting took place, there was a period 
of low angle and normal faulting (Derkey, 1986). 
Robertson (1953) described one mineralized low angle 
fault that formed in amygdaloidal zones or planes of 
weakness in basaltic andesite. The fault follows amyg-
daloidal zones, extends north-south for one mile and 
dips from 10° to 40° to the east. In its more steeply-
dipping sections, it cuts amygdaloidal zones. A major 
vein extending from the Argus mine in the north to the 
Bonanza mine in the south now occupies this fault. 
Mineralized east-west normal faults up to a mile long 
and with dips from 80o to vertical have been interpret-
ed to be tear faults that developed during the thrusting 
event that formed the low angle faults (Derkey, 1986).

After mineralization, two sets of non-mineralized 
normal faults offset the mineralized faults. Northeast 
trending faults do not offset the veins signifi cantly 
and are described as tight shears by Robertson (1953). 
Northwest trending faults with large displacements 
offset some veins. The Black Rock fault (fi g. 2) 
described by Robertson (1953) has a N 70° to 75° W 
strike and displaces the south side of the Emery vein 
horizontally to the west by 500 to 1,000 ft.

Figure 1 is a map showing our route and stops. 
Figure 2 is a geologic map from Derkey (1986) show-
ing mine locations and veins. Figure 3 is a map from 
Robertson (1953) showing the geology, vein, and 
mines at the northern end of the north-south vein 
system. Figures 4 and 5 are underground mine maps 
of the Bonanza and Emery mines (from Robertson, 
1953). 
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ROAD LOG

Travel west from Elliston 21 miles on Highway 12. At 
fl ashing traffi c light, turn left (south) and follow signs to 
I-90 south. Travel south about 9 miles; take the fi rst Deer 
Lodge exit (Exit 184). Turn left at bottom of off ramp, head 
east under (freeway) for about 0.2 miles and turn right 
(south) onto Boulder Road. Proceed south for 1 mile and 
turn east (left) onto Emery Road.

Set odometer to 0.0 at the Boulder Road-Emery Road inter-
section.

MILEAGE

0.0 Boulder Road-Emery Road Intersection. Head 
east on Emery Road.

4.1 Turn south, continuing on Emery Road. Emery 
Road becomes a gravel road at this point.

5.5 Emery Road curves to east.

6.9 Emery Road – USFS Road 1504 intersection. 
Turn left, continue east on Emery Road.

7.1 Intersection with FS 705 (may not be marked), 
turn left onto FS 705, passing under high-tension 
power lines.

7.7 FS 705 splits. Turn left and continue to the 
north for another 0.9 mile.

Figure 1. Road log index, Emery Mining District. Route marked with arrows, stops with numbers.
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Figure 3. Map of the Argus-Hidden Hand vein and associated mines (from Robertson, 1953).
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8.6 STOP 1   Hidden Hand Mine 
      (46.387907 N, 112.578517 W).

The road passes over the dumps for the Hidden 
Hand Mine. An open cut will be on the right. Park on 
the mine dumps.

Hidden Hand Mine. At this site we will examine 
surface exposures and remains of the Hidden Hand 
Mine. The Hidden Hand produced gold, silver, and 
lead from quartz fi lled fi ssures cutting silicifi ed and 
brecciated basaltic andesite host rock. The altered 
amygdaloidal-basaltic andesite host rock is visible in 
a cut to the east. The Hidden Hand’s original portal is 
buried and no longer visible. 

The Hidden Hand vein is part of a major north-
south striking vein system (fi g. 2) that extends through 
the Emery district. The Hidden Hand vein dips 18° 
east and follows “bedding” in the basaltic andesite 
host rock. The host rock is brecciated with quartz 
veining and alteration varying from propylitic to 
sericitic/argillic. Robertson (1953) describes the vein 
to be a brecciated shear zone cemented by quartz 
veining. The quartz stingers and veins contain galena, 
pyrite, arsenopyrite, sphalerite and traces of chalcopy-
rite. The oxidized portion of the vein contains sericite 
and clays with minor sulfi de minerals remaining. The 
Argus Mine, to the north (fi gs. 2 and 3) is located at 
the northern end of the Hidden Hand vein.

The upper workings consisted of a 20° decline 
following the dip of the vein (Robertson, 1953). The 
decline extended for about 350 feet (ft.) and was 
driven into the oxidized portion of the vein. Most gold 
production came from the oxidized zone. In the ravine 
below, a 1,200 ft. long adit was driven to intersect the 
vein (Robertson, 1953). Most silver and lead produc-
tion came from the un-oxidized portion of the vein. 
The dumps from this adit can be seen below.

The Hidden Hand vein was discovered in 1887 and 
the mine operated intermittently from 1887 to 1950 
(Derkey, 1986). Early production is unknown but was 
estimated to be valued at $45,000 (Robertson, 1953). 
In 1928, the Harvey Creek Mining Company stripped 
silver-lead ore from a shallow fl at lying vein. No 
production records for this operation exist. From 1928 
to 1937, the property was idle. William Howard leased 
the property in 1937 and its important production 

occurred from 1937 to 1947. Total production from 
this period was valued at $120,000. William Howard 
was the last operator and the mine remains idle. In the 
1980’s Lacana Corporation, Freeport-McMoran, and 
Exxon Corporation started exploration programs near 
the Hidden Hand Mine (Montana Bureau of Mines and 
Geology archives). 

From STOP 1, reverse course for 0.2 miles and 
pull to the left side of the road to reach STOP 2.

9.0  STOP 2    Granodiorite intrusion 
      (46.385346 N, 112.576759 W).

At this location a small granodiorite intrusion is 
exposed in a trench excavated by Freeport-McMoran 
in the 1980’s. We will walk east across the meadow 
to examine the granodiorite found in piles lining the 
trench and discuss varying degrees of alteration rang-
ing from propylitic to sericitic. Gulf Mineral Resourc-
es suspected this intrusion could be related to a deep-
seated porphyry system.

In 1976, Gulf Mineral Resources drilled a hole to a 
depth of 2,903 ft. in search of the intrusion and pos-
sible related porphyry system. The drill hole, located 
adjacent to the remains of a log cabin in the meadow 
west of the trench, began in basaltic andesite and bot-
tomed in andesite. The andesite near the bottom of the 
hole had quartz veining with anomalous copper and 
molybdenum values (Al-Khirbash, 1982). The drill re-
sults indicate that if there is an intrusion and porphyry 
system, it is deeper than 2,903 ft.

U-Pb zircon dating of the granodiorite from the 
trench yielded an age of 1.77 Ga±8 Ma (unpublished 
results from Korzeb, 2015) which is similar to dates 
obtained from other intrusions related to the porphyry 
system in the Butte district. In the Butte district, 
intrusions with Proterozoic dates are interpreted to 
have passed through and assimilated Belt Supergroup 
formations (Field and others, 2005). The granodiorite 
in the Emery district may have likewise assimilated 
Belt Supergroup rock preserving zircons with Pro-
terozoic dates. Sulfur isotopes from the Emery district 
veins also show a possible Belt Supergroup infl uence 
with δ34 S values ranging from 1.0 to 8.7 permil. Pyrite 
that crystallized early in the veins has an average 
δ34S value of 8.0 permil which is slightly higher than 
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average for diagenetic pyrite found in the lower Belt 
Supergroup (Lyons and others, 2000; Field and others, 
2005).

9.03 Road splits, proceed left (the split is about 50 
yards south of STOP 2).

9.2 The road splits again, go to the left, or north, 
and proceed another 0.4 miles, passing a cabin on the 
left and old mine working on right.

9.6 STOP 3    Emma Darling Mine 
      (46.786454 N, 112.571015 W).

Emma Darling Mine (south side of road): At this 
stop we will examine the dump and surface workings 
of the Emma Darling Mine. Altered amygdaloidal-
basaltic andesite host rock and sections of vein can be 
found on the dump and near the ore bin. The vein ma-
terial consists of quartz and ankerite with arsenopyrite, 
pyrite, sphalerite, galena, and chalcopyrite.

The Emma Darling mine opened in 1908 and oper-
ated intermittently until 1942 (Robertson, 1953). The 
mine is developed by a vertical shaft reported to be 90 
ft. deep (Pardee and Schrader, 1933). The Emma Dar-
ling vein is a near vertical east-west striking structure 
that extends for about a half a mile (fi g. 2), is from 2 
to 7 ft. thick (Robertson, 1953), and is exposed at the 
portal of a collapsed adit east of the mine. There are 
no production records.

The hill to the north of the mine has been ex-
plored by numerous prospect pits and was drilled by 
Freeport-McMoran, Exxon Corporation, Hecla Mining 
Corporation, and Lacana Corporation in the 1980’s 
(Montana Bureau of Mines and Geology archives). 
These companies were searching for a near-surface 
disseminated gold resource. Drill holes averaged about 
400 ft. deep, limiting exploration to the altered basaltic 
andesite. Freeport-McMoran defi ned an area with po-
tential for a 150,000 oz. disseminated-gold resource.

From STOP 3, hike or drive 0.2 miles east to 
STOP 4, located on west side of Spring Creek drain-
age.

9.8 STOP 4    Emma Darling vein 
                (46.386427 N, 112.567250 W)

Emma Darling Vein: At this stop, we will examine 
one of the few vein outcrops exposed in the district 
as well as the sheared and altered basaltic andesite 
hosting the Emma Darling vein. The vein consists of 
quartz stringers and veins of ankerite with dissemi-
nated pyrite. Pardee and Schrader (1933) reported 
the vein assayed 2.5 oz/t silver and gold worth $2.40 
based on a $20.00 per ounce gold price.

In 1978, north of the adit, near the road intersec-
tion, Gulf Resources drilled to a depth of 1,965 ft. 
searching for a deep-seated porphyry system (Montana 
Bureau of Mines and Geology archives). The log for 
this hole has been lost.

From STOP 4 reverse course and drive about 0.5 
mile southwest, to where the road splits (just south of 
cabin on the left).

10.3 Road splits, turn left (east) and proceed 0.5 
miles east then south to Bonanza Mine. Road passes in 
front of the ore bin and over the dumps at the mine.

10.8 STOP 5    Bonanza Mine (46.379555 
         N, 112.570639 W).

Bonanza Mine. At this stop we will examine the 
remains and dumps of the Bonanza mine. The mine 
is presently owned by Montana Precision Mining. In 
2014, they investigated the dumps for potential gold 
and silver ore.

The Bonanza vein was discovered in 1895 and 
the mine was opened the same year by W. T. Zosell. 
The main workings are an inclined shaft that follows 
the dip of the vein (fi g. 4). The inclined shaft dipped 
30° and extended to a depth of 340 ft. with short drifts 
extending into the vein at 100 ft. and 235 ft. levels 
(Pardee and Schrader, 1933). By 1949, the under-
ground workings consisted of 640 ft. of inclined shaft 
and 3,500 ft. of drifts (Robertson, 1953). The vein was 
developed to a vertical depth of about 250 ft.

The Bonanza Mine was the second largest pro-
ducer in the Emery district (Robertson, 1953). Gold, 
silver, and lead were the main metals produced. 
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Figure 4. Map of Bonanza Mine underground workings (from Robertson, 1953).
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Figure 5. Map of Emery Mine underground workings (from Robertson, 1953).
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The fi rst recorded shipments from the mine were in 
1911and consisted of 4.5 tons of hand sorted ore. The 
next shipment in 1911 to the East Helena smelter was 
16 tons of ore. From 1919 to 1920, William Zosell 
produced some ore from the fi rst and second levels. 
In 1924, the mine was leased to the Bonanza Mining 
Company and the shaft was sunk to the fourth level. 
Considerable drifting was done from this level but an 
infl ow of water hampered the operation. The mine was 
reopened from 1936 to 1937 by W. Oliphant and T. 
Boatman and gold ore was mined from the top levels 
in the oxidized zone. Operations were taken over by 
the Bonanza Leasing Co. in 1938 and continued until 
1950. During this time the shaft was sunk to the eighth 
level. Total value for shipped ore from 1938 to 1950 
was over $125,000.

The Bonanza vein is the southern end of the north-
south striking vein that extends across the district from 
the Argus and Hidden Hand Mines (fi g. 2). Robertson 
(1953) described the vein as a bedding plane fi ssure 
striking N 30 W and dipping 10° to 25° NE, The width 
of the vein ranged from 3 ft. to 20 ft. and consisted of 
quartz veins with sulfi des. Mineralogy of the vein is 
quartz, ankerite and rhodochrosite with arsenopyrite, 
pyrite, sphalerite, galena, chalcopyrite, and tetrahe-
drite. These minerals can be found on the dump in 
vein sections consisting of quartz veins with bands of 
disseminated sulfi des.

In 1986, Freeport-McMoran and Exxon Corpo-
ration, in a joint venture, explored a potential dis-
seminated gold resource on the hill east of the mine. 
The exploration effort demonstrated the potential for 
a shallow gold resource of 50,000 oz. By 1989, the 
exploration program was terminated because the re-
source was too small to be profi table (Montana Bureau 
of Mines and Geology archives).

From STOP 5 continue south about 0.1 mile to 
intersection.

10.9 Turn right and proceed south 0.2 mile on 
Emery road to 4-way intersection.

11.1 STOP 6    Emery Vein (46.377342 N, 
         112.572070 W).

Northeast striking fault cutting off east end of 
Emery vein. Beyond the locked gate are three inclined 
shafts that develop the Emery vein. The shafts are cur-
rently owned by Montana Precision Mining and their 
dumps were investigated in 2014 for potential gold 
and silver ore. We cannot go beyond the locked gate 
without permission from Montana Precision Mining.

At the road intersection, a northeast striking fault 
mapped by Derkey (1986) extends southwest from the 
Bonanza vein to the Emery mill in Rocker Gulch (fi g. 
2). Rocker Gulch follows the strike of the fault. The 
northeast striking fault appears to have displaced the 
south end of the Bonanza vein and cuts off the east 
end of the Emery vein in the road intersection. Robert-
son (1953) suggested that post- mineralization, north-
east striking faults produced minor displacement of 
the veins. Fault movement was most likely normal to 
the bedding with the south side of the fault up thrown. 
A number of prospect pits and trenches were excavat-
ed in the area searching for the extension of the Emery 
vein north of the fault.

The elongated hill or ridge hosting the Emery 
vein is known as Carbonate Hill. The Emery vein was 
discovered in 1888 by John Renault at a site past the 
locked gate. The fi rst inclined shaft was sunk on the 
vein in the same year the vein was discovered. The 
Emery vein strikes along the top of Carbonate Hill 
near the southern edge of the crest. The dip of the 
Emery vein varies from 15° to 45° and averages 30° 

northwest (Robertson, 1953). Its width varies from a 
few inches to 2 ft. and averages several inches. Pardee 
and Schrader (1933) describe the vein as a persis-
tent tabular body with a banded structure of sulfi des, 
quartz, and carbonates. Mineralogy is characterized by 
quartz and ankerite with arsenopyrite, pyrite, sphal-
erite, galena, chalcopyrite, tetrahedrite, boulangerite, 
and chalcopyrite forming massive bands and dissemi-
nated grains.

From STOP 6, proceed west 0.6 mile along the 
Emery road, following Rocker Gulch. Drive past the 
Emery mine and mill (visible on south side of road) 
and park below the mine.
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11.7 STOP 7    Emery Mine and mill 
      (46.374620 N, 112.580560 W). 

The mill is visible on the south side of Rocker 
Gulch. The main inclined shafts are located on Car-
bonate Hill above the mill site. The workings of the 
Emery Mine (fi g. 5) consisted of three inclined shafts, 
a 500 ft vertical shaft, and 7,000 ft. of drifts, crosscuts, 
levels, and stopes (Pardee and Schrader, 1933). The 
vertical shaft was sunk in 1907 by the Deer Lodge 
Consolidated Mines Company to gain better access to 
the underground workings (Derkey, 1986).

The Emery vein was discovered in 1888 by John 
Renault and was staked by W. C. Emery. It was the 
largest producer in the district (Robertson, 1953). Em-
ery developed the mine on a decline to 100 ft. and sold 
the claim to Conrad Kohrs in 1890. Kohrs success-
fully operated the mine until 1902 and sold the mine 
to the Emery Mining Company. Operations continued 
for the next fi ve years producing gold, silver, and lead 
with a total reported value of $90,000. In 1907, Deer 
Lodge Consolidated Mines acquired the property and 
went bankrupt only a year later because of overspend-
ing and insuffi cient production. The property was 
idle from 1908 to 1910. In 1910 the old Emery Min-
ing Company became the Emery Consolidated Min-
ing Company, and took control of the mine. In 1923, 
electricity arrived and a 70 ton-per-day fl otation mill 
was constructed. There was little production until 
1935 when 12,000 tons of ore were processed. Mining 
activity was limited from 1936 to 1939 and ore was 
hand sorted for shipment. John B. White constructed a 
100 ton-per-day fl otation mill in 1945 which was run 
by the Deer Lodge Mining Company for 3 to 4 years. 
During a two year period, 8,968 tons of ore were pro-
cessed. By 1950, the Emery Mine was closed because 
of high labor and material costs. 

Derkey (1986) reported renewed activity at the 
Emery Mine in the late 1980’s when the Emery Min-
ing Association (renamed Montana Precision Mining 
Company) constructed a 200 ton-per-day mill at the 
vertical shaft. A test at the mill, using ore from the 
Emery Mine, produced approximately 100 tons of 
concentrate which was shipped to the East Helena 
smelter. After the test run, the mill closed for econom-
ic reasons.

On the south side of the road are the extensive 

dumps of the Blue Eye Maggie Mine. Like the Emery 
Mine, Robertson (1953) reports the Blue Eye Maggie 
produced gold, silver, and lead from a vein averaging 
5 to 7 inches wide. The mine was developed by a 170 
ft. long, 8° to 10°  incline shaft with drifts extending 
250 ft. east and 50 ft. west. The inclined shaft had four 
levels and a winze. Ore grades were 1 to 1.5 oz/t gold, 
42 to 63 oz/t silver, 2 to 6% lead. Zinc occurred from 
trace to 6 percent. 

Cutting across the road to the southwest of the 
Emery Mine and northeast of the Blue Eye Maggie 
Mine is the Black Rock fault (fi g. 2). This fault strikes 
northwest and is steeply dipping. The Black Rock fault 
cuts off the Emery vein at its southern end and cuts the 
Blue Eye Maggie vein at its northern end. The fault 
has a strike-slip displacement up to 1,000 ft. with right 
lateral movement. Based on the right lateral move-
ment, Robertson (1953) suggests that the Blue Eye 
Maggie vein is a displaced extension of the Emery 
Vein. Confi rmation of Robertson’s assessment is that 
the thickness and mineralogy of the Blue Eye Maggie 
vein is the same as that of the Emery vein.

End of Road Log (Continue west on Emery Road, back 
to Deer Lodge).
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ABSTRACT

The Arikareean-aged Cabbage Patch beds were 
fi rst described in the Flint Creek basin near Drum-
mond and later traced to other nearby basins west of 
the Continental Divide in Montana. Within the beds, 
locally abundant invertebrate and vertebrate fossils are 
found mainly in fi ne-grained fl uvial overbank, paludal 
(swamp), lacustrine, and lacustrine delta fi ll depos-
its; logs, branches, and other large pieces of wood 
are found in fl uvial channel deposits; leaves, seeds, 
wood, fusain, and other plant fragments are common 
in paludal deposits; and root traces and burrows are 
very common in all fl uvial and paludal deposits and 
some lacustrine deposits. In the Flint Creek basin, the 
Cabbage Patch strata are bounded by unconformities 
and have been subdivided into three biostratigraphic 
intervals using diagnostic mammalian and molluscan 
fossil assemblages. The lithostratigraphy and fossil 
assemblages indicate climatic conditions with mild 
winters and alternating humid and semiarid seasons. 
The beds host a diverse fossil fauna including mol-
lusks, amphibians, and mammals. The mammalian 
fauna, in particular, has been studied for its potential 
to inform the age of the beds and their similarity with 
coeval faunas of the Great Plains and Oregon. During 
this fi eld trip we examine select outcrops of the Cab-
bage Patch beds from the Flint Creek basin to intro-
duce the rich molluscan and vertebrate fossil record 
of the Cabbage Patch beds and their depositional and 
paleoenvironmental context.

GENERALIZED GEOLOGY OF THE 
CABBAGE PATCH BEDS

The geological discussions below are summarized 
and updated from Pierce and Rasmussen (1992) and 
Rasmussen and Prothero (2003). Arikareean-aged stra-
ta mapped west of the Continental Divide in western 
Montana collectively called the Cabbage Patch beds 
(Konizeski and Donohoe 1958) are known from nu-

merous contiguous and isolated outcrops of tuffaceous 
strata in the Blackfoot, Douglas Creek, Flint Creek, 
Deer Lodge, and Divide intermontane basins (fi g. 1; 
Douglass, 1899, 1901, 1903, 1909; Konizeski, 1957, 
1965; Gwinn, 1960, 1961; Rasmussen, 1969, 1973, 
1977, 1989, 2003; Rich and Rasmussen, 1973; Ras-
mussen and Fields, 1980; Loen, 1986; McLeod, 1987; 
Pierce and Rasmussen, 1989, 1992; Pierce, 1992; 
Sears and others, 2000; Rasmussen, 2003; Rasmus-
sen and Prothero, 2003: Vuke, 2004; Portner, 2005; 
Portner and Hendrix, 2005; McCune, 2008; McCune 
and Hendrix, 2009; Portner and others, 2011). The 
Cabbage Patch beds are time equivalent and similar 
in lithology and paleontology to strata assigned to the 
upper Renova Formation of the Bozeman Group in the 
intermontane basins east of the present Continental 
Divide in western Montana (fi g. 2; Kuenzi and Fields, 
1971; Fields and others, 1985; Rasmussen, 2003), and 
correspond to the “Sequence 3” (i.e. the upper part of 
the lower sequence for the Divide basin in fi g. 2) of 
Hanneman and Wideman (1991, 2006) and Hanneman 
and others (2003).

Cabbage Patch strata in western Montana may 
be tilted, folded, faulted, and deeply eroded. They 
unconformably onlap an irregular topography of 
Precambrian to Mesozoic strata and, locally, onlap 
erosional remnants of older Cenozoic (Eocene and 
Oligocene) sedimentary deposits and volcanics (in-
cluding the Eocene-aged Lowland Creek volcanics 
and a rhyolitic welded tuff in the Flint Creek basin). 
An angular unconformity (“middle Tertiary uncon-
formity”) is present between the Arikareean Cabbage 
Patch strata and the overlying Miocene (Barstovian) 
Flint Creek and Barnes Creek beds in the Flint Creek 
basin (Rasmussen, 1973, 1977, 1989; Rasmussen and 
Prothero, 2003). This “middle Tertiary unconformity” 
is recognized elsewhere in western Montana and has 
been dated to approximately 17 Ma at nearby outcrops 
(Robinson, 1960, 1963, 1967; Kuenzi, 1966; Kuenzi 
and Richard, 1969; Kuenzi and Fields, 1971; Petke-
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Figure 1. Regional context of the localities detailed in this guide. The circle on the map of Montana in the upper left corner 
denotes the location of the main section of the fi gure. The star shows the location of the details of fi gure 4. The fossiliferous 
Divide basin is not shown but lies directly south of the Deer Lodge basin.
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wich, 1972; Monroe, 1976; Fields and others, 1985; 
Barnosky and Labar, 1989; Burbank and Barnosky, 
1990; Fritz and Sears, 1993; Sears and Fritz, 1998; 
Sears and Ryan, 2003; Sears, 2010, 2013). 

Unnamed late Cenozoic and Quaternary strata 
unconformably onlap the Cabbage Patch strata in 
parts of the Blackfoot, Douglas Creek, Deer Lodge, 
and Divide basins (in fi g. 2 the overlying Cenozoic 
strata are equivalent to the Sixmile Creek Formation 
east of the Continental Divide). The upper contact of 
the Cabbage Patch strata is strictly erosional and, at 
good exposures, there does not appear to be signifi cant 
weathering (with pedogenic clays) or an equivalent 
to the calcic paleosol reported at the upper bound-
ary of “Sequence 3” east of the Continental Divide 
by Hanneman and Wideman (1991, 2006). Portner 
(2005) noted that “neither, a kaolinite group mineral 
[nor] a red lateritic horizon is observed below the mid-
Miocene unconformity of the [Flint Creek basin].” In 
a stream bank southeast of the town of New Chicago, 
barite nodules from within a thin zone below the “mid-
dle Tertiary unconformity” (between the Barstovian 
Flint Creek beds and the Arikareean Cabbage Patch 
beds) mark the only known location of an unconfor-
mity paleosol in the Flint Creek basin (pointed out to 
Don Rasmussen by Ryan Portner in June 2003). All 
other contacts observed along the unconformity are 
sharp, as a consequence of erosion, and without paleo-
sols; however, gravels (conglomerates) are not always 
present at the base of the overlying Flint Creek beds.

The Cabbage Patch strata are dominated by fresh 
volcaniclastics and montmorillonitic mudstones. These 
tuffaceous strata are usually poorly bedded because 
of deposition and re-working in fl uvial environments 
and the subsequent intense bioturbation by plants and 
invertebrates. Lacustrine, lacustrine delta fi ll, and pa-
ludal deposits are well-bedded, contain thin ash beds, 
and locally may be highly fossiliferous with plants 
(Table 1), invertebrates (Table 1), and vertebrates 
(Table 2, see below). Conglomerates, arkose, and 
other coarse clastics are locally derived and occur as 
scattered lenses throughout the entire Cabbage Patch 
stratigraphic sequence; none appear to mark boundar-
ies for fi ner parasequences.

Lacustrine strata in the Flint Creek basin and 
northern Deer Lodge basin (Gold Creek area) extend 
to the erosional limits of the Cabbage Patch strata in 

these areas, suggesting that some of the lakes in which 
the strata were deposited were large in size within the 
basin of deposition. However, the absence of even a 
single thick continuous section of lacustrine strata sug-
gests that the lakes were ephemeral, perhaps lasting 
only a few thousand years at best. Lacustrine intervals 
within the Cabbage Patch strata are thin compared to 
fl uvial intervals, and the oldest lacustrine strata rec-
ognized in the Flint Creek basin occur well above the 
base of the Cabbage Patch strata (fi g. 3). Some lacus-
trine intervals can be traced for several kilometers, but 
individual beds within the intervals usually cannot be 
traced beyond a few hundred meters. From the aquatic 
mollusks and associated aquatic fauna and fl ora, 
Pierce (1993) concluded that the lakes were “shallow, 
sub-permanent to permanent (several thousand years 
maximum), [perhaps] soft bottomed and well vegetat-
ed, and experiencing seasonal desiccations”. Studies 
of the Cabbage Patch strata indicate that streams were 
mostly aggrading, lakes were shallow and ephem-
eral, and swamps were very local with abundant plant 
material and occasional peat deposits (evidenced by 
lignites). Plant growth in some cases was coeval with 
deposition, leaving traces of their roots and debris, 
but in many cases subsequent intense growth of roots 
was through the sediment and soil after deposition 
and prior to lithifi cation. Bedded gypsum and gypsum 
cement in lacustrine strata in the upper part of the 
Cabbage Patch beds indicate periods of dryness and 
the presence of playa lakes. Some Arikareean lakes 
in southwest Montana became saline enough to sup-
port marine foraminifera (Van Niewuwenhuise and 
He, 1986) that could have been brought to Montana 
by birds (a method suggested by Patterson and others, 
1997).

Lateral and vertical variations in physical, chemi-
cal, and paleontological characters occur throughout 
the Cabbage Patch strata. Lateral changes indicate 
deposition was contemporaneous in different envi-
ronments, and changes in an upward direction indi-
cate that environments, at any given place, changed 
through time (Rasmussen, 1969, 1977, 1989; Rasmus-
sen and Prothero, 2003). Physical, chemical, and pa-
leontological characters of the lithological units from 
measured stratigraphic sections provide evidence for 
six basic types of depositional environments: fl uvial 
channel, fl uvial overbank, lacustrine, lacustrine delta 
fi ll, paludal, and aeolian (Rasmussen, 1969, 1977, 
1989). Aeolian strata are composed of undisturbed 
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ash falls. From the measured sections, Cabbage Patch 
strata are predominantly fl uvio-lacustrine in origin 
with fl uvial strata four-to-fi ve times as abundant as la-
custrine strata; whereas paludal and aeolian strata only 
account for approximately three percent of the total 
Cabbage Patch strata (Rasmussen, 1977). Lacustrine 
strata were mainly deposited in an area that includes 
parts of the present Flint Creek basin and northern 
Deer Lodge basin. They are unknown (either absent 
or eroded away) in the Divide, Douglas Creek, and 
Blackfoot basins.

The volume of overbank deposits in the Cab-
bage Patch beds in the Flint Creek basin is fi ve times 
greater than that of channel deposits (Rasmussen, 
1977). This suggests a high-suspended load capacity 
for the streams fl owing into and through the basin of 
deposition. Poor sorting of the channel and overbank 
sediments indicates low-energy environments. Thus, 
the streams (rivers) fl owing into and through the basin 
of deposition were likely small-to-medium in size, 
low in velocity, shallow, and mostly aggrading. Aban-
donment of channels (avulsion) may have occurred 
whenever the stream overfl owed. This situation would 
account for the limited areal extent of the channels 

and the rarity of multi-story channel deposits (a few 
thick sandstone sequences seen in a measured section 
in the Blackfoot basin may be considered multi-story; 
Rasmussen, 1977). Avulsion was also possibly more 
common during or immediately after periods of ex-
tensive aeolian ash fall deposition. Thus, streams that 
eroded and carried the newly deposited unconsolidated 
tuffaceous material would have become overloaded. 
Aggradational processes would have then overcome 
the streams’ ability to maintain their channel. During 
avulsion, coarse sediments in the channel may not 
have been moved by the stream but buried at the bot-
tom of the abandoned channel. With each new deposit 
of tuffaceous material on the fl oodplain, there was 
extensive reworking and bioturbation by vegetation 
and, to a lesser extent, by burrowing invertebrates and 
vertebrates. Occasionally, there was also the develop-
ment and preservation of paleosols. With continued 
deposition, a new stream course would be established 
to replace the previously abandoned channel though 
not always in exactly the same position. Eventually 
each new stream would cut a new channel into the 
underlying deposits and coarser clastics (arkose and 
gravels) would once again be moved from the upland 
areas into the basin of deposition. Shallow lakes and 
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Figure 3. Stratigraphic context of the Cabbage Patch beds. Localities detailed in this guide are placed in the overall stratigraphic 
section of the Cabbage Patch beds through the northern Flint Creek basin (modifi ed and updated from Rasmussen, 1977; Rasmus-
sen and Prothero, 2003). The date for the rhyolitic welded tuff is from Portner and others (2011). The letters refer to the sections 
measured by Rasmussen (1977) except X (Calede, unpublished). The exact boundaries between the lower and middle units as well 
as middle and upper units of the Cabbage Patch beds are not exposed; they are within the covered intervals shown in this fi gure.
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ponds developed on the low deposition plain between 
previous channels.

Paleosols are common throughout the Cabbage 
Patch beds. They are most obvious by the preservation 
of abundant root molds and casts. Though pervasive, 
the paleosols of the Cabbage Patch strata should not 
be considered stacked. They are also not dominated 
by calcite enough to be considered limestones. Rather, 
those with abundant calcite should be considered 
calcretes; they do not contain enough silica cement to 
be considered silcretes, and our observations indicate 
that they are not related to any unconformity surface 
(or parasequence boundary) within or at the top of the 
Cabbage Patch beds. Not to be confused with paleo-
sols are “case-hardened” beds of a few centimeters 
to a meter in thickness that are sometimes found in 
groups of several meters in thickness in exposures 
of the Cabbage Patch strata in the Flint Creek basin. 
These case-hardened beds are common on sun-facing 
exposures where seasonal and storm-related wetting 
and drying has altered specifi c components of the 
beds. These case-hardened beds extend back into the 
outcrop for as little as a few centimeters but as much 
as a meter. They are usually composed of fi ne-grained 
silty and sandy strata, highly cemented with opal and/
or chalcedony and calcite. The unaltered strata behind 
the hardened beds contain abundant glass shards, 
marl, and sometimes fossil shell debris. Several years 
of alternating wetting and drying of these strata have 
mobilized the silica from the glass shards and the 
calcite from the marl or shell debris to cement the 
stratum into something that appears much like a hard 
cherty or opalized limestone bed at fi rst glance. Fossils 
that are common in the unaltered stratum are absent or 
highly replaced in the case-hardened stratum. They are 
sometimes only represented by hollow molds. Where 
numerous beds occur in the same exposure, they can 
be easily misidentifi ed as a stacked sequence of lacus-
trine limestones or terrestrial paleosols despite differ-
ent original environments of deposition.

The silt- to sand-sized glass shards of the Arikaree-
an-aged Cabbage Patch beds are fresh. In the absence 
of vertebrate fossils, they can be used to differentiate 
isolated outcrops of Arikareean strata from nearby, 
similar-looking, older Cenozoic strata that contain 
only devitrifi ed glass shards. Volcanic sources for this 
large amount of volcaniclastic debris have not been 
individually identifi ed, but most material perhaps 

came from volcanoes far to the west (ancestral Cas-
cade Mountains: Larson and Evanoff, 1998; Rasmus-
sen, 2003) or the contemporaneous large calderas in 
the northern Great Basin, with less material from more 
local sources, such as Crater Mountain (Melson, 1971) 
and Helena Field areas (Chadwick, 1972, 1978, 1981, 
1985). A rhyolitic welded tuff at the base of Cabbage 
Patch strata east of Drummond (fi g. 3) is perhaps 
equivalent to the same welded tuff exposures directly 
across the Clark Fork River reported by Portner and 
others (2011), with a date of 46.64 Ma (Bridgerian, 
Eocene, see fi g. 2). The welded tuff in fi gure 3 is no 
longer thought to be Arikareean in age (Rasmussen, 
1977), an age based on a zircon fi ssion track date. 
Strata just above the rhyolitic welded tuff once con-
sidered as lahar deposits are now thought to be a local 
channel deposit with cobbles of volcanic rocks.

The arkose found in channel sandstones was 
defi nitely derived from nearby Cretaceous batholiths. 
There is a clear decrease in pebbles and pebble size in 
the conglomerates to the west and northwest as seen 
in the northern Flint Creek basin and in the Black-
foot basin near Helmville. This indicates that streams 
fl owed west and/or northwest from the Boulder and 
Philipsburg batholiths into the area of Cabbage Patch 
deposition, including the present Deer Lodge, Flint 
Creek, Douglas Creek, and Blackfoot basins. Portner 
(2005) pointed out that arkoses in the Cabbage Patch 
beds on the north fl ank of the Flint Creek range have 
two micas indicating a source in the erosion of the 
Cretaceous Philipsburg batholith (that has rock with 
muscovite and biotite). The outlet of the basin of 
deposition is still unknown, but was perhaps north-
ward through the southern Rocky Mountain Trench in 
northwest Montana and eventually into a tributary of 
the ancestral Columbia River system or into a drain-
age system leading to Hudson Bay and the Labrador 
Sea in eastern Canada (see Seeland, 1985; Rasmussen 
and Prothero, 2003; Sears, 2013). There also might 
not have been an outlet as suggested by Pierce (1993) 
who concluded, from his analysis of western Montana 
fossil aquatic mollusks, that “western Montana had not 
been part of an integrated system of through-fl owing 
rivers for some period of time prior to the deposition 
of the Cabbage Patch strata and, although local perma-
nent water may have existed, these [basins must have 
been part of a basin of interior drainage]” (Pierce, 
1993:988).
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The diverse assemblages of fossils from the Cab-
bage Patch beds (Tables 1, 2, see below) are the result 
of mixing and transportation; however, few remains 
were moved very far (except perhaps for the plant ma-
terial). Mollusks are usually broken and fragmentary, 
but locally abundant complete shells are very well 
preserved, evidence of little transportation (Pierce, 
1992, 1993; Pierce and Rasmussen, 1992). Indeed, at 
a few localities, gastropods, including many complete 
shells, can be easily washed from weathered or poorly 
consolidated tuffaceous matrix. In some intervals, 
gastropod shells have sediment plugs in their aper-
tures and the empty upper whorls point upward in the 
sedimentary matrix. Often, these sediment-free whorls 
contain loosely packed juvenile gastropods, ostra-
cods, charophytes, diatoms and other fossil debris. 
Ostracods and other microfossils are abundant in the 
lacustrine strata, and have yet to be studied. Vertebrate 
fossils are usually fragmental and disassociated. Some 
may have been scavenged or ingested by carnivorous 
mammals or raptorial birds. Several partial skeletons 
have been recovered. A complete gopher skeleton 
was recovered from a mud-fi lled burrow, undisturbed 
by predators and insects prior to burial (Rasmussen, 
1977, 1989). A partial toad skeleton was also found 
within what is likely an estivation burrow (Henrici, 
1994). Small mammals are the most common verte-
brate fossils recovered from the Cabbage Patch strata. 
In decreasing order of abundance, frogs and salaman-
ders, large mammals, fi sh, turtles and tortoises, and 
birds are the other vertebrate fossils recovered from 
the beds (Rasmussen, 1977, 1989; Rasmussen and 
Prothero, 2003). The Cabbage Patch beds, with their 
rich mammalian fossil record placed in a stratigraphic 
context, offer a unique opportunity to track changes in 
mammalian biodiversity leading up to the Oligocene-
Miocene boundary, the time period of the advent of 
many modern mammalian families and the decline of 
more archaic, and now extinct, taxa (Webb and Op-
dyke, 1995; Tedford and others, 2004; Woodburne, 
2004). This period of faunal change was associated 
with drastic changes in global climate (Zachos and 
others, 2008) as well as vegetational changes in North 
America (Strömberg, 2005). The localities visited 
as part of this fi eld trip are a glimpse into the unique 
mammalian fauna, as well as the rich molluscan as-
semblages, of the Cabbage Patch beds, their environ-
ment, and depositional setting. 

Institutional abbreviations: KUVP, University of 

Kansas Vertebrate Paleontology collections, Lawrence, 
Kansas, USA; UMPC, University of Montana 
Paleontology Center, Missoula, Montana, USA; 
UWBM, University of Washington Burke Museum, 
Seattle, Washington, USA. 

Locality abbreviations: KU-Mt-, University of Kansas; 
UMV-, University of Montana; UWBM C-, University 
of Washington.

Anatomical abbreviations: c, lower canine; i, lower 
incisor; p, lower premolar; m, lower molar; P, upper 
premolar; M, upper molar. 

FIELD GUIDE TO THE CABBAGE PATCH 
BEDS IN THE FLINT CREEK BASIN

 The location of the fi eld stops are shown on fi gure 
4. A summary of locality names is provided in table 3. 

Original discovery area

STOP 1    UWBM C1709 

The Big One (Lower Cabbage Patch beds): [= 
UMV6203 (Cabbage Patch 1); = KU-Mt-31 (Cabbage 
Patch 11).] View of outcrop from frontage road along 
Interstate 90 east of Drummond (fi gs. 4, 5). 

C1709 is the outcrop of the Cabbage Patch beds 
where fossil vertebrates were fi rst collected. Douglas 
(1903) reported the presence of “Mesocyon drummon-
densis” (a dog now synonymized with Cynodesmus 
thooides, Wang 1994), “Leptomeryx transmontanus” 
(a deer-like ruminant; now Pronodens transmontanus) 
and an oreodont identifi ed as “Promerycochoerus 
minor” (both Eporeodon sp. and Promerychochoe-
rus superbus are now identifi ed from this locality). 
The Oligocene-aged Cabbage Patch beds exposed at 
C1709 unconformably overlie an Eocene-aged rhyo-
litic welded tuff dated to 48.64 ±0.17 million years 
ago based on samples from a nearby outcrop of the 
same tuff (Portner and others, 2011). The deposits at 
C1709 are the thickest continuous exposure of lower 
Cabbage Patch strata exposed in the Flint Creek basin 
(fi gs. 3, 5). Over 80 m of mudstones and siltstones 
preserve the greatest number of large mammals found 
in a single locality of the Cabbage Patch beds; mostly 
oreodonts (Riel, 1964; Rasmussen, 1969, 1977). The 
skull of the largest mammal from the Cabbage Patch 
beds, the type and only specimen of Kukusepasutanka 
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Figure 4. Map of the localities discussed in this paper focusing on the Bert Creek area (Table 1). The location of this area is shown by a 
star in fi gure 1. * denotes localities where stratigraphic sections were measured (see fi g. 3).
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schultzi (Macdonald, 1956), an antracothere (extinct 
relatives of hippos, Geisler and others, 2007; Lihoreau 
and Ducrocq, 2007), was also found at C1709. Only 
two small mammal taxa, both aplodontids, have been 
found at C1709: a new species of Downsimus and a 
new species of Niglarodon.

Bert Creek area

STOP 2    UWBM C1720 

Maze in Creek (Lower Cabbage Patch beds): [= 
UMV6620 (Bert Creek 14), = KU-Mt-69 (Cabbage 
Patch 14).] Access is by dirt road through two locked 
gates. Stop is in gulch on west side of Bert Creek (fi g. 
6).

The deposits at C1720 are a series of interbed-
ded mudstones and siltstones from the lower Cabbage 
Patch beds, interpreted to represent interbedded lacus-
trine, lacustrine delta fi ll, and fl uvial overbank depos-

its. They are stratigraphically located above the beds at 
C1721 and are equivalent to the middle of the section 
measured by Rasmussen (1977) at C1707 (fi gs. 3, 6). 
Note the presence of abundant volcanic glass shards 
(sparkle in the sun). Silicifi cation occurs in the upper 
part of the outcrop where the volcanic glass shards in 
the mudstone matrix have been altered by weather-
ing and the freed silica was re-deposited as opal or 
chalcedony cement. Fossils found at C1720 include 
land and freshwater snails, fi sh bones, frog bones, 
ostracods, sponge spicules, diatoms, and charophytes 
(Rasmussen, 1969; Calede, unpublished data).

Only three mammalian taxa have been identifi ed to 
the species level from C1720 (Table 4), including one 
new species of Niglarodon, two specimens of Mys-
tipterus, and an isolated lower molar of a new sicistine 
rodent better known from the middle Cabbage Patch 
beds. Both rodent species have also been identifi ed 
from the underlying beds at C1721.

Mystipterus 
Niglarodon

Pronodens transmontanus
Eporeodon

Archaeocyon leptodus
Herpetotherium

Proscalops
Domnina

Megalagus
Allomys A. cavatus

Downsimus

Niglarodon

Rudiomys
Agnotocastor

Leidymys

Plesiosminthus 
Miosciurus M. ballovianus

Petauristodon
Sciurion S. campestre
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STOP 3    UWBM C1721 

Hops Garden (Lower Cabbage Patch 
beds): [= UMV6621 (Bert Creek 15); = KU-
Mt-70 (Cabbage Patch 15).] Walk to outcrops 
further up gulch from C1720 on west side of 
Bert Creek (fi g. 8).

C1721 is a very productive outcrop of the 
lower Cabbage Patch beds. The main fossilif-
erous horizon is a ~1.5 m thick unit of moder-
ately sorted massive mudstone with reworked 
ash lenses that may be as thick as 15 cm (fi gs. 
7, 8). Strata at this site are stratigraphically 
equivalent to the basal units measured at 
C1707 (fi g. 3: A3). The fossils include isolat-
ed and disarticulated fragments and elements 
dispersed throughout the unit. The overlying 
aeolian ash is currently being dated using 40Ar/39Ar. 
The fossils include root traces and plant fragments 
scattered throughout the unit as well as some molds 
and debris of land and freshwater snails. Mammal and 
frog remains, including bones and teeth, are common 
throughout the unit. No fi sh have been discovered at 
this locality yet. This deposit is interpreted as fl uvial 
overbank.

The fauna of C1721 includes at least 21 differ-
ent species of mammals (Table 4, fi g. 9). The most 
abundant taxon by far is the leptomerycid Pronodens 
transmontanus, a small deer-like hornless ruminant. It 
represents about 15% of the fauna, more than at any 
other assemblage of the lower Cabbage Patch beds. 
Aplodontids, relative of the modern sewellel (Aplo-
dontia rufa), are also very common in this assemblage. 
No gopher has been recovered from this outcrop or 

Figure 7. Legend of symbols used in the stratigraphic sections of Cabbage 
Patch deposits.

Figure 8. Geology of C1721 (lower Cabbage Patch beds). A: View of the outcrop with geologist for scale, B: Stratigraphic section. 
The approximate location on the outcrop of the lower and upper units are marked with circles.
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any other locality of the lower Cabbage Patch beds. 
The greatest number of sciurid species (squirrels) in 
the beds is also found at this locality. Along with the 
presence of shrews (Domnina) and proscalopid moles 
(Proscalops), these animals suggest a closed, more 
forested environment, with the moles indicating soft 
moist soils. Some rare members of the fauna, like the 
mixed-feeding oreodont Eporeodon and a likely salta-
torial sicistine rodent (birch mouse), support a mosaic 
habitat with some openings in a wooded environment. 

STOP 4    UWBM C0174 

Cabbage 13 (Middle Cabbage Patch beds): [= 
UMV6547 (Bert Creek 3); = KU-Mt-46 (Cabbage 
Patch 13).] Stop is on north side of east tributary of 
Bert Creek northwest of the ruins of a long hog shed 
along creek (fi g.10). Depending on road conditions, 
access to other stops might be by hiking (total less 
than 1 mile, 1.6 km).

Cabbage 13 is a locality of the upper part of the 
middle Cabbage Patch beds. The unit is a 14 m thick 
massive silty mudstone (fi g. 10). Mammalian remains, 
including teeth and partial bones, are isolated and 
scattered throughout the outcrop but most abundant in 
the middle of the unit. The largest specimen recovered 
from the locality is an in-situ Diceratherium radt-
kei dentary (fi g. 10; Konizeski and Donohoe, 1958; 
Prothero and Rasmussen, 2008). No fi sh have been 
recovered from this horizon but invertebrates are very 
abundant. Freshwater snails (including Valvata paula, 
Viviparus nanus, Planorbula powelli, Biomphalaria 
haydeni, Lymnaea vetusta, and Lymnaea tumere) are 
the most abundant macrofossils in the horizon where 
complete shells are very commonly recovered in addi-
tion to molds and debris (Pierce, 1993). This locality is 
the type locality for the freshwater snail Lymnaea tu-
mere (Pierce, 1993). Land snails, including Oreohelix 
brandi (Pierce, 1992), are also present, though rarer. 
This biodiversity of freshwater mollusks has been in-
terpreted as indicative of the “most permanent aquatic 
environment [..] studied [in the Cabbage Patch beds]” 
(Pierce, 1993, brackets denote edits of the original by 
ourselves). Diatoms are rare but plant fragments and 
root traces, some very large, are both very abundant. 
The deposit is interpreted as interbedded ephemeral 
lacustrine, lacustrine delta fi ll, and fl uvial overbank.

Fourteen different species of mammals are cur-
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Figure 10. Geology of C0174 (middle Cabbage Patch beds). A: View of the outcrop with student for scale, the circle indicates the 
location of the Diceratherium lower jaw mentioned in the text, B: Stratigraphic section (modifi ed and updated from Rasmussen, 1977). 
C0174 is correlated to the main section. The units above and below the fossil producing horizon are measured in the main section.

Herpetotherium
Stenoechinus tantalus
Archaeolagus

Miohippus
Diceratherium radtkei
Meniscomys

Neatocastor N. hesperus
Leidymys alicae

Pleurolicus 

Sciurion S. campestre
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rently recognized in Cabbage 13 from just over 50 
specimens (Table 5, fi g. 11). The mammalian fauna at 
C0174 is characteristic of the middle Cabbage Patch 
beds. In addition to sharing taxa with both the lower 
and upper Cabbage Patch, Cabbage 13 includes three 
taxa only found in the middle Cabbage Patch beds: 
two species of the fossorial entoptychine gopher genus 
Pleurolicus, and the rabbit Archaeolagus. These two 
genera, and others like the horse Miohippus, likely 
refl ect a more-open environment in the middle Cab-
bage Patch beds. Nevertheless, some taxa found at 
Cabbage 13 but already present in the lower Cabbage 
Patch beds, such as the squirrel Sciurion, suggest that 
the habitat remained partially wooded. 

STOP 5    UWBM C1701 

Rhino Quarry (Middle Cabbage Patch beds): [= 
UMV6504-1 (Bert Creek 2-1, Rhino Quarry).] Walk to 
site from parking area or from C0174 (fi g. 12).

C1701 is the basal-most fossil locality of the 
middle Cabbage Patch beds (fi g. 3). The 9 m thick 
mudstone hosts few mammalian fossils, mostly in the 
top 1.2 m of the horizon (fi g. 12). Numerous root trac-
es can be seen in the outcrop as well as invertebrate 
(likely insect) burrows, diatoms and sponge spicules 
(Rasmussen, 1977, 1989). Fragments of freshwater 
snails are rare. No fi sh or amphibians have been recov-
ered from this outcrop. The locality is interpreted as a 
mud hole in a fl uvial overbank deposit.

Figure 11. Select mammalian specimens from C0174. A: p4 of Sciurion cf. S. campestre (squirrel, UWBM 98877), scale equals 0.5 
mm, B: lower molar of Miohippus sp. (horse, UWBM 98603), scale equals 5 mm, C: M1 of Neatocastor cf. N. hesperus (beaver, UWBM 
97507), scale equals 1 mm.

Figure 12. Geology of C1701-C1703 (middle Cabbage Patch beds). A: View of the outcrops with fi eld vehicle for scale, B: Stratigraphic 
section (modifi ed and updated from Rasmussen, 1977). The locations on the outcrop of the units are marked with circles.
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Only six fossil specimens identifi able to the spe-
cies level have been recovered from C1701. Rasmus-
sen (1977) described the discovery of the remains of 
the type of a large rhinocerotid Diceratherium radtkei 
(described in Prothero and Rasmussen, 2008), the 
oreodont Promerycochoerus, and the oldest occur-
rence of the gopher Pleurolicus in the Cabbage Patch 
beds (fi g. 13C). Two specimens of a new, large species 
of the aplodontid Allomys have recently been collected 
from this locality (Table 6). 

STOP 6    UWBM C1702 

Gopher Locality (Middle Cabbage Patch beds): [= 
UMV6504-2 (Bert Creek 2-2, Gopher Locality).] Walk 
up section to site from C1701 (fi g. 12).

C1702 is located towards the middle of a 30 m 
thick series of interbedded mudstones and siltstones 
(fi gs. 4, 12; Rasmussen, 1977). This unit includes root 
traces, rare diatoms, locally abundant land and fresh-
water snails, and few frog and mammal bones. The 
deposits of this unit indicate a fl uvial overbank envi-
ronment at C1702 and C1703 (see below).

Fifteen specimens of fossil mammals identifi -

able to the species level have been recovered from 
C1702. They represent at least eight species (Table 
6) including the oldest Miohippus (horse) material 
from Cabbage Patch and the only known specimen of 
Parvericius montanus (hedgehog) from the beds (Rich 
and Rasmussen, 1973). The mammalian fauna from 
C1702, including the genera Miohippus (horse), Pleu-
rolicus (gopher), and Archaeolagus (rabbit), suggests 
an open environment in the lower part of the middle 
Cabbage Patch beds. 

STOP 7    UWBM C1703 

Rabbit Locality (Middle Cabbage Patch beds) [= 
UMV6504-3 (Bert Creek 2-3, Rabbit Locality).] Walk 
up section to site from C1702 (fi g. 12).

C1703 is located towards the top of the 30 m thick 
series of interbedded mudstones and siltstones that 
also hosts the fossils from C1702 (fi gs. 4, 12; Rasmus-
sen, 1977). 

Very few fossil mammal specimens identifi able 
to the species level have been recovered from C1703 
(Table 6). The fossils at C1703 include an exceptional 
specimen of Archaeolagus cf. A. macrocephalus (a 

Figure 13. Select mammalian specimens from C1701-1703, C1705. A: partial skull of Archaeolagus cf. A. macrocephalus (rabbit, 
UMPC 1393) from C1703, scale equals 1 cm, B: partial dentary with c, p1-m3 of Nanodelphys species B (marsupial, KUVP 18164) 
from C1705, scale equals 1 mm, C: partial dentary with i, p4-m3 of Pleurolicus new species A (gopher, UMPC 2046) from C1701, scale 
equals 5 mm, D: partial lower jaw and m1 of Archaeocyon leptodus (dog, UMPC 13979) from C1703, scale equals 5 mm.
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rabbit) that includes a mostly complete skull, den-
taries, and a partial skeleton (fi g. 13A). The youngest 
specimen of Archaeocyon (a dog) from the Cabbage 
Patch beds was also found at C1703 (fi g. 13D).

STOP 8    UWBM C1704 

Strawberry Quarry (Middle Cabbage Patch beds): 
[= UMV6504-4 (Bert Creek 2-4, Strawberry Quarry); 
= KU-Mt-12 (Cabbage Patch 4).] Walk up section to 
site from C1703 (fi g. 14). Thick fl uvial channel sand-
stones and conglomerates are present at this site. Other 
channel sandstones to the east can be seen from this 
site.

Strawberry Quarry has yielded a large assemblage 
of fossils from the middle Cabbage Patch beds (fi g. 
3). The unit is an almost 7 m thick mudstone domi-
nated by clay and ash-derived silt sandwiched between 
fl uvial channel deposits. Fossils are concentrated in 
the middle 60 cm of the horizon (fi g. 14). Burrow 
casts of insects can be found in situ. The fossils re-
covered from C1704 include rare diatoms (Rasmus-
sen, 1977) and common plant fragments. Root casts 
are very common and can be quite large, suggesting 
the sediment was heavily vegetated after deposition. 

Ostracods are rare. A few molds and fragments of 
freshwater and land snails have also been found. Large 
slug shells (including the type for Deroceras secures; 
Pierce, 1992, 1993) are present and sometimes abun-
dant. Fish bones are very rare, but both frog and sala-
mander bones have been recovered from this horizon 
(including the type and reference material for Taricha 
miocenica, Tihen 1974; Plethodon sp. and Aneides sp., 
Tihen and Wake 1981; and additional specimens of 
Salamandridae, Calede pers. obs.). Mammal bones and 
teeth are common both in surface deposits and in situ 
where they are isolated and scattered. 

Twenty three mammalian species have been identi-
fi ed from over 170 specimens identifi ed to the species 
level (Table 7, fi g. 15). The taxa present include mam-
mals characteristic of the middle Cabbage Patch beds 
that are indicative of an open environment: the gopher 
Pleurolicus and the rabbit Archaeolagus. Alike other 
deposits from the middle Cabbage Patch beds, the as-
semblage at C1704 also includes taxa shared with the 
upper (e.g., Neatocastor and Leidymys alicae) and the 
lower Cabbage Patch beds (e.g., Eutypomys, Ocajila, 
and Diceratherium). Recently, several specimens of 
the canid Cynodesmus thooides were recovered by 
quarrying the deposits at C1704, thereby extending 

Promerycochoerus superbus 
Diceratherium radtkei

Allomys 
Pleurolicus 

Herpetotherium
Parvericius montanus

Archaeolagus
Miohippus
Leidymys 

Pleurolicus 

Archaeocyon leptodus
Archaeolagus  A. macrocephalus 
Pleurolicus 

Nanodelphys
Amphechinus horncloudi
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Figure 14. Geology of C1704 (middle Cabbage Patch beds). A: View of the outcrop with fi eld vehicle for scale, B: Stratigraphic section 
(modifi ed and updated from Rasmussen, 1977). The location on the outcrop of the productive fossil horizon is marked in the stratigraphic 
section with circles. The arrow shows the location where a Diceratherium armatum astragalus (UMPC 1462) eroded out at C1704 (Pro-
thero and Rasmussen, 2003).
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the stratigraphic range of this taxon previously only 
known from the lower Cabbage Patch beds (Douglas, 
1903; Wang 1994) into the middle Cabbage Patch 
beds.

STOP 9    UWBM C1705 

Horse Locality (Middle Cabbage Patch beds) [= 
UMV6504-5 (Bert Creek 2-5, Horse Locality), = KU-
Mt-09 (Cabbage Patch 2).] Walk up section to site at 
top of ridge from C1704 (fi g. 16). From here we will 
walk through the gulch below C1705 to look at the 
strata and the interbedded fl uvial channel sandstones.

This outcrop is located near C1701-1704 but is 
stratigraphically higher (fi g. 3). The fossil-bearing 
unit is a massive 2.5 m thick mudstone that contains 
mostly clay with only minor amounts of ash-derived 
silt (fi g. 16). Fossil mammals are concentrated in the 
upper half of the unit (Rasmussen, 1977). Common 
root traces and rare diatoms can be found throughout 
the unit. No amphibians or fi sh have been recovered 
from this unit but a tortoise scute has been found along 
with some unidentifi ed mammal bones and teeth.

Few specimens of fossil mammals have been dis-
covered at C1705 (fi g. 13B, Table 6). Only two species 
can be conclusively identifi ed from this locality based 
on dental material: the herpetotheriid marsupial Nano-
delphys and the hedgehog Amphechinus. This latter 
taxon is only found in the middle and upper Cabbage 
Patch beds (Rich and Rasmussen, 1973). Amphechinus 
has been suggested to be a taxon tolerant of arid con-
ditions (Klietman and others, 2015), further support 
for a more open environment in the middle and upper 
units of the Cabbage Patch beds. The toothless ante-
rior part of the fused lower jaws and some postcranial 

elements likely belonging to the horse Miohippus have 
also been recovered from this site (Rasmussen, 1977).

STOP 10    UWBM C1708 

Sharp Claw Butte (Lower Cabbage Patch beds) [= 
UMV6558-2 (Bert Creek 12-2), = KU-Mt-25 (Cab-
bage Patch 10).] We will walk to this site from the 
Rhino Quarry (C1701). Short hike will be up a narrow 
gulch with sparse outcrops. Main exposure is across 
the fence (fi g. 17).

C1708 is the most productive assemblage of the 
lower Cabbage Patch beds. This locality is located 
near the base of the Cabbage Patch beds above an 
uncertain unconformity with the older, underlying late 
Eocene to early Oligocene Douglas Creek beds (fi g. 
3). The unit is a ~8.5 m thick ash-derived siltstone (fi g. 
17) that contains some clay and little very fi ne sand. 
Fossil vertebrates are concentrated approximately 1 to 
2 m below the top of the massive unit. Fossils found 
within this unit include root traces and plant frag-
ments, a few molds and debris of land and freshwater 
snails, a few molds of ostracods, and very abundant 
vertebrate remains. Fish bones, scales and partial 
jaws are abundant at this locality, more so than in any 
other assemblage of the Bert Creek area. Amphibians 
are also common and sometimes articulated. Henrici 
(1994), in particular, described an articulated skel-
eton of an anuran (a burrowing toad which may have 
died in its estivation burrow), the type of Tephrodytes 
brassicarvalis, from this assemblage (see also Henrici 
and others, 2013). Mammal remains, including partial 
dentaries and bone fragments, are commonly found 
isolated and scattered. More complete material, in-
cluding a few partial skulls, have also been recovered. 
Phytoliths recovered from the matrix surrounding 

Figure 15. Select mammalian specimens from C1704. A: P4 of Niglarodon new species A: (aplodontid, UMPC 1823), scale equals 1 
mm., B: partial lower jaw with i, m1-3 of a new genus and species of Dipodidae (birch mouse, UWBM 97393), scale equals 1 mm., C: 
M1 of Leidymys alicae (mouse, UWBM 98615), scale equals 0.5 mm.
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a rhinoceros tooth indicate the presence of wetland 
plants (e.g. sedges), palms, and various grasses at or 
near the site (Strömberg, 2005). Deposition was in 
a fl uvial environment with slow moving water and 
periods of dryness. Some fragmented bones and partial 
jaws show evidence for predator damage and diges-
tion. Although tortoise remains are absent from this 
site, tortoise shell fragments have been found in the 
underlying clay-rich mudstone strata.

Over 190 specimens of fossil mammals from 
C1708 have been identifi ed to the species level. The 
mammalian fauna from this locality is notable for its 
very high proportion of eomyid rodents (Leptodonto-
mys, ~ 16%) and herpetotheriid marsupials (~ 23%). 
Twenty-two different species have been identifi ed 
(Table 8, fi g. 18), including the rabbit Palaeolagus 
and the rhinoceroses Diceratherium annectens and 
Skinneroceras manningi (described in Prothero and 
Rasmussen, 2008), all three of which are absent from 
any other locality. The mammalian fauna is otherwise 
similar to other assemblages of the lower Cabbage 
Patch beds in the presence of Pronodens, Miosciurus, 
Agnotocastor, and a new aplodontid taxon perhaps 
belonging to the genus Rudiomys. The mammalian as-
semblage at C108 also shares genera with the middle 
Cabbage Patch beds (e.g., Diceratherium, Mystipter-
us). The presence of the forest-dwelling eomyids, 
Proscalops, Pronodens, and Miosciurus suggests a 
closed-habitat for C1708.

STOP 11    UWBM C1715 

On Edge (Upper Cabbage Patch beds) [= 
UMV6552 (Bert Creek 6), = KU-Mt-16 (Cabbage 
Patch 8).] Walk to site from dirt road near old ranch 
buildings (fi g. 19).

The extensive exposures at this locality span close 
to 30 m of measured section covering nine successive 
depositional environments (fi g. 19; Rasmussen, 1977; 
Rasmussen and Fields, 1980). The top of the section 
is unconformably overlain by the late Miocene-aged 
Flint Creek beds. The lowermost beds have been 
interpreted as fl uvial overbank deposits; however, up 
section, thick deposits of alternating fl uvial, lacustrine, 
and paludal sediments are represented. Organic-rich 
shale and lignite are present in the paludal environ-
ment deposits, with the lignites very rich in sponge 
spicules. The lacustrine deposits are associated with 
ledge-forming, sometimes laminated, beds that display 
occasional fi brous gypsum cement that may be over 3 
cm thick. The gypsum-cemented beds are sometimes 
directly above lacustrine strata with extensive well-
developed mud cracks, thereby suggesting periods of 
aridity with evaporation when the lake (playa) slowly 
dried up. Abundant plant fossils in the form of plant 
fragments and leaf imprints are found throughout most 
of the horizons exposed. Sponge spicules and diatoms 
are locally abundant. Freshwater snails are also com-

Figure 17. Geology of C1708 (lower Cabbage Patch beds). A: View of the outcrop with student for scale, B: Stratigraphic section (modi-
fi ed and updated from Rasmussen, 1977). The location on the outcrop of the lower-most two units of the Cabbage Patch beds are 
marked with circles.
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Pronodens transmontanus
Archaeocyon leptodus

Herpetotherium

Nanodelphys
Ocajila makpiyahe

Proscalops
Domnina

Mystipterus 
Paleolagus hypsodus?

Diceratherium annectens
Skinneroceras manningi

Rudiomys?

Agnotocastor
Leidymys 

Leptodontomys

cf. L. douglassi 

Miosciurus cf. M. ballovianus 

Figure 18. Select mammalian specimens 
from C1708. A: M1 or M2 of Agnotocastor sp. 
(beaver, KUVP 18176), scale equals 1 mm, 
B: partial maxilla with M1-2 of Herpetotherium 
sp. (marsupial, UWBM 98761), scale equals 
1mm., C: partial maxilla with P3-M3 of Ocajila 
sp. (hedgehog, KUVP 18155), scale equals 1 
mm.
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mon in the lacustrine strata, and root traces suggest 
periods of dryness and subaerial exposure. Pea clams 
(Sphaeriidae) are very rare and only partial specimens 
have been found. Fossil vertebrates are rare. Fossil 
mammals and frog bones have only been recovered 
from the very base of the large outcrop exposed in this 
area. Fish bones and even articulated partial skeletons 
of fi sh have been recovered in the middle lacustrine 
deposits.

The only identifi able mammalian specimen, an 
isolated tooth of the entoptychine gopher Gregorymys 
cf. G. douglassi, was recovered from the lowest part of 
the outcrop (Ku-Mt-45; fi g. 3; Rasmussen, 1977). This 
taxon helps constrain the location of the beds at this 
locality to the upper unit of the Cabbage Patch beds. 
Ongoing work dating the Cabbage Patch beds using 
40Ar/39Ar will provide radiometric estimates of the age 
of the lower most units of this outcrop.

CONCLUSIONS

The mammalian fossil record of the Cabbage Patch 
beds is evidence of a well-sampled and species-rich 

series of assemblages through time. The stratigraphic 
context of the fossils in the Flint Creek basin (fi g. 3) 
allows the tracking of mammalian and molluscan taxa 
through time. The pattern of mammalian and mollus-
can taxonomic replacement that emerges out of this 
work supports the division of the Cabbage Patch beds 
in three biostratigraphic units (fi g. 20; Rasmussen, 
1977; Pierce, 1993; Rasmussen and Prothero, 2003). 
The faunal transitions between these units suggest 
changes in the ecomorphological composition of 
mammalian communities throughout the beds. Indeed, 
the composition of the mammalian assemblages of 
the middle and upper Cabbage Patch beds appears to 
support a greater biodiversity of taxa adapted to more 
open-environments in the younger units of the beds 
and a relative decline in the closed-habitat mammals 
abundant in the lower Cabbage Patch beds. Ongoing 
work on the paleoecological affi nities of the Cabbage 
Patch mammals and the vegetational history of the 
beds will help shed light on the role of environmental 
change in mammalian evolution during the Oligocene. 
The location in western Montana of the Cabbage Patch 
beds, geographically intermediate between coeval 
deposits from the Great Plains (Arikaree Group) and 

Figure 19. Geology of C1715 (upper Cabbage Patch beds). A: View of the outcrop with student for scale. Light-colored strata are from 
the abundance of fresh volcanic glass shards. Dark beds above the upper circle are lignites, B: Stratigraphic section (modifi ed and up-
dated from Rasmussen, 1977, 1989). The location on the outcrop of select horizons is marked in the stratigraphic section with circles.
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Oregon (John Day Formation), is a unique opportunity 
to also assess the biogeographic affi nities of the mam-
malian fauna of the Cabbage Patch beds. Preliminary 
results of this work suggest that the Rocky Mountains 
may have been a faunal mixing zone during the Ari-
kareean with some taxa shared with the assemblages 
from the Arikaree Group and others found in the John 
Day Formation. 
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GEOLOGIC FIELD GUIDE TO THE CHERRY CREEK FAULT, A POSSIBLE 
PROTEROZOIC FAULT NEAR HELENA, MONTANA

Jeff Lonn

Montana Bureau of Mines and Geology, 1300 W. Park St, Butte, MT 59701, jlonn@mtech.edu

INTRODUCTION

On this all-day hike through the foothills north-
west of Helena, we will examine Proterozoic Belt 
Supergroup (Belt) strata preserved on both sides of the 
Cherry Creek fault, interpreted to have a Proterozoic 
ancestry. The hike is about 4 miles long on game and 
cow trails through scattered forest and open rangeland 
and includes about 1,000 feet of elevation gain. The 
land surface elevation averages about 5,000 feet, and 
air temperatures will likely be hot in early August. No 
water is available. The route crosses Bureau of Land 
Management and private land. Access to the privately 
owned land requires prior permission from the Prickly 
Pear Simmental Ranch.

GEOLOGIC SETTING

The sedimentary rocks of the Proterozoic Belt 
Supergroup of western Montana and northern Idaho 
are most often interpreted to have been deposited in 
a vast, shallow, and possibly intracratonic, sea. The 
Belt’s immense thickness (more than 14 km; 8 miles) 
required signifi cant basin subsidence during sedimen-
tation. Based on abrupt stratigraphic thickness chang-
es, Winston (1986) proposed a tectonic setting for the 
Belt basin that included a number of major growth 
faults (fi g. 1). This fi eld trip examines an area near the 
Garnet Line, one of the postulated east-west striking 
growth faults. South of the Garnet Line, a thin Belt 
stratigraphic succession is reported (Winston, 1986). 

Figure 1. Location of the fi eld trip with respect to Winston’s (1986) hypothetical Belt basin growth faults. The Cherry Creek fault is near 
the proposed Garnet Line. (from fi g. 11, p. 103, Winston, 1986).
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North of the line, a thick stratigraphic section suggests 
that the Garnet Line was a down-to-the-north growth 
fault (see fi g. 13, p. 105, in Winston, 1986). Faulting is 
postulated to have continued into Neoproterozoic time 
because the Cambrian Flathead Formation unconform-
ably overlies lower Missoula Group formations south 
of the line, but overlies upper Missoula Group forma-
tions north of the line.

Recent 1:24,000-scale mapping of the Austin 7.5′ 
quadrangle (Berg and Lonn, 2011) revealed a fault, 
named the Cherry Creek fault, that results in signifi -
cant offset of the Belt units, but only minor offset of 
the overlying Cambrian Flathead Formation (fi gs. 2, 
3). North of the fault, the Flathead overlies the Mount 
Shields Formation, member 3 (Mt Shields 3), but 
south of the fault the Flathead overlies the lowermost 
Shepard and uppermost Snowslip Formations. On the 

Figure 2. Geologic map and stratigraphic column for the fi eld trip area. Blue Cloud access road marked by dashed line, parking area 
marked “P”, and hiking route shown by dotted lines. Field guide follows the hiking route in a counterclockwise direction. Scale approxi-
mately 1:24,000. (modifi ed from Berg and Lonn, 2011).
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south side, at least 650 m (2,100 ft) of Belt strata  are 
missing and were presumably eroded prior to deposi-
tion of the Cambrian Flathead Formation (Berg and 
Lonn, 2011). This observation confi rms Winston’s 
(1986) hypothesis of Late Proterozoic or early Cam-
brian faulting along the Garnet Line. However, the 
Flathead Formation cuts gradually down section 
eastward (fi g. 4) north and south of the fault (Wal-
lace, 1987; Lewis, 1998; Reynolds and Brandt, 2005; 
Berg and Lonn, 2011; McDonald and others, 
in prep), suggesting that regional westward 
tilting occurred prior to faulting and erosion. 
Therefore the Proterozoic fault could have 
had dip-slip, down-to-the-north movement, or 
strike-slip, south-side-to-the-west movement. 
The Phanerozoic fault history shows similar, 
but less signifi cant, apparent right-lateral offset 
of the Cambrian Flathead Formation, again 
indicating either down-to-the-north, or south-
side-to-the-west displacement.

Immediately north of the Cherry Creek 
fault, Belt units from Shepard through the 
Mount Shields 3 are preserved, but appear to 
be much thinner (650 m; Berg and Lonn, 2011) 
than their counterparts farther northwest (1,335 
m; Lonn, unpublished mapping, 2011-2012). 
The thickening to the northwest appears to 
confi rm Winston’s (1986) hypothesis that Belt 
units south of the Garnet Line are relatively 
thin. However, local Phanerozoic structure is 
complex, and unrecognized faults could ac-
count for some of the thinning.

On this fi eld trip, we will examine the Belt 
section beneath the Flathead Formation on the 

south side of the Cherry Creek fault, then cross the 
fault to compare it with the Belt section on the north 
side. We will also scrutinize the unusually thin Shepa-
rd-to-Mount Shields 3 stratigraphic section north of 
the fault and discuss whether it is a primary sedimen-
tary feature resulting from its location on the upthrown 
side of a Mesoproterozoic growth fault, or whether it 
results from disruption of a more typical Belt section 
by Cretaceous and Tertiary faults.

Figure 3. Part of cross section drawn near the fi eld trip route showing the Cherry Creek fault and contrasting Belt stratigraphic sections 
preserved on both sides. (modifi ed from Berg and Lonn, 2011).

Figure 4. Aerial image from south of the fi eld trip area, showing that the base 
of the Flathead Fm (solid white line) cuts across Belt strata (beds shown 
by dotted lines) at an acute angle. All units dip west, so Flathead overlies 
progressively lower Belt strata eastward.
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ROAD LOG

Drive north about 5 miles from the Sunshine Camp 
to Highway 12, turn right (east) and proceed 15 miles 
towards Helena. Look for the Baxendale fi re station 
on the left. Turn left (north) just beyond the Baxendale 
station on the Blue Cloud Road (fi g. 5). Drive approxi-
mately 5 miles on the ungated road to a major road 
intersection marked “P” on fi gures 2 and 5. Park here.

THE HIKE

Follow the route marked by the dotted line (fi g. 
2) in a counterclockwise direction. First, head south-
east to the prominent tree-covered hogback and as-
cend to its highest point. This hogback is formed by 
hard quartz-rich sandstone of the Cambrian Flathead 
Formation. The sandstone’s massive bedding makes 
it diffi cult to get a bedding attitude here, but fi gure 4 
shows that the Flathead dips slightly less steeply west 
than the underlying Belt units; thus, it cuts down sec-
tion eastward.

Descend the northeast side of this hill down sec-
tion through the bottom of the Shepard Formation—
marked by a thin, discontinuous quartzite interval—
into the underlying Snowslip Formation. Exposure is 
poor, but the Snowslip is characterized by interbedded 
intervals of red quartzite-argillite couplets and dark 
green siltite to light green argillite couplets and micro-
couplets. Desiccation cracks and mud rip-up clasts are 
common. Many argillite beds are colored a distinctive 
rosy red. The Snowslip also contains beds and lenses 
of clean white quartzite of well-sorted, well-rounded, 
coarse, frosted quartz grains. Just to the east of the 
route, the contact between the Snowslip and the un-
derlying Helena Formation—which contains abundant 
limestone—is a north-striking, west-directed, reverse 
fault that is probably Cretaceous in age because it is 
only slightly offset by the Cherry Creek fault.

Descend to the bottom of the drainage, perhaps 
encountering a Cretaceous (?) porphyritic granodiorite 
dike.

Figure 5. Route to the fi eld trip area is shown by arrows. Park vehicles at location marked by “P”. Access requires prior permission from 
the Prickly Pear Simmental Ranch.
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From the Cherry Creek drainage bottom, walk 
north up the gentle slope towards the eastern high 
point of the ridge. As you proceed upward, you cross 
the poorly exposed Cherry Creek fault that has Snow-
slip Formation on both sides.

The eastern high point of the ridge has been 
mapped as westward dipping Shepard Formation. 
The Shepard is characterized by dolomitic and non-
dolomitic, dark green siltite and light green argillite in 
microcouplets and couplets, and lenticular couplets of 
white quartzite and green siltite. It is poorly exposed, 
but the Shepard weathers into thin plates that often 
have a characteristic dolomitic orange-brown weather-
ing rind. Ripples and load casts are common, but mud 
cracks are rare. Here the Shepard is estimated to be 
approximately 250 m (800 ft) thick, but just 8 km (5 
miles) to the northwest the Shepard is estimated to be 
830 m (2,700 ft) thick. Is this the thickening the result 
of Mesoproterozoic down-to-the-north growth faulting 
along the Garnet Line, or are there unmapped struc-
tures that omit section?

Proceed westward and up section along the 
ridgetop. Within a few hundred feet, there is a thick 
interval of light red to gray, fl at-laminated to cross 
bedded, fi ne- to medium-grained quartzite interpreted 
to be the Mount Shields Formation, member 2 (Mt 
Shields 2). At this location it is 180 m (580 ft) in 
contrast to 460 m (1,500 ft) thick in the Avon area 25 
km (15 miles) northwest (Lonn, unpublished mapping, 
2011-12). The difference could be attributed to growth 
faulting along the Garnet Line. Alternatively, we may 
be observing a quartzite interval within the Shepard 
Formation, as commonly occurs in the thick Shepard 
section to the northwest. However, this interpretation 
would require that there be a fault between this quartz-
ite and the overlying Mount Shields 3.

Continue west along the ridgetop and descend to a 
saddle. Does the saddle mark a fault? Berg and Lonn 
(2011) thought so, but did not think it signifi cant. But 
if it were signifi cant, it could change the stratigraphic 
interpretation and allow the quartzite mapped as 
Mount Shields 2 to instead be included in the Shepard 
Formation. 

Beyond the saddle, the rock is comprised of red 
quartzite-argillite couples and couplets, with abundant 
mudcracks, mudchips, and well-formed cubic salt 

casts. The salt casts are indicative of Mount Shields 
3. Therefore, we have either come up section from 
the Mount Shields 2 into the Mount Shields 3, or we 
have crossed a fault separating a quartzite interval 
within the Shepard from the Mount Shields 3. The fi rst 
alternative, shown on fi g. 2, supports the interpretation 
of Winston (1986) that the Belt section south of the 
Garnet Line is depositionally thin. The second alterna-
tive suggests that an originally thick section may have 
been thinned by Phanerozoic structures.

Continue westward, up section, to a prominent 
hogback of Flathead Formation. The exposed thick-
ness of the Mount Shields 3 is estimated to be 220 
m (700 ft), but the top is missing due to pre-Flathead 
erosion. Regardless of which interpretation is used 
to explain the thin Shepard to Mount Shields 3 strati-
graphic section, the Flathead here rests on a different 
stratigraphic level of the Belt Supergroup than just to 
the south, across the Cherry Creek valley and fault.

This Flathead hogback can be traced for 25 km 
northwest to the Avon Valley, and on its way the 
Flathead gradually ascends through the Belt section; 
it rests on the Mt. Shields 3 here; the Bonner near 
Greenhorn Mountain; and the McNamara near Avon 
(Schmidt and others, 1994; Lewis, 1998; Lonn, un-
published mapping 2011-12; McDonald and others, in 
prep). The angularity of the unconformity is demon-
strated on the regional geologic maps, but is too slight 
to be observed at the outcrop scale. 

Descend south along the spine of the Flathead 
hogback to its end against the Cherry Creek fault. 
Turn right (west) and proceed to the obvious Flathead 
outcrop on the south side of the fault. Here the Flat-
head overlies the Shepard Formation. The offset in 
the Flathead, like that in the Belt strata, demonstrates 
right-lateral, south-side-west movement, or down-to-
the-north dip-slip movement. Therefore, there were 
at least two episodes of movement along the Cherry 
Creek fault; one in the Proterozoic and one in the  
Phanerozoic. Each episode had the same sense of 
movement.

Return to the cars by walking on contour generally 
southwestward until the fl at parking area is reached. 
We will cross two drainages and outcrops of the Cam-
brian Wolsey, Meagher, Park, Hasmark, and Red Lion 
Formations. 
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THE FINN MINING DISTRICT

Robin McCulloch

Mining Engineer / Consultant, Elk Park, Montana

INTRODUCTION

The fi eld trip will explore the Finn mining district 
located in the northwest corner of the Avon Valley (fi g. 
1). The Finn district was historically known as a placer 
gold producer with a few scattered lode deposits. The 
source of the gold in the placers was roof-pendant 
skarns (now mostly eroded) and high-grade quartz 
feeder veins located in the upper ends of the major 
drainages. Many of the district’s lode prospects con-
tain high grade, low tonnage deposits that are poorly 
defi ned through workings and are diffi cult to follow in 
outcrop because of deep soil and vegetative cover. 

GEOLOGY

The Finn district is underlain by Mesoproterozoic 
Belt metasedimentary rocks, Cretaceous intrusives, 
Tertiary volcanics, and Tertiary and Quaternary valley-
fi ll deposits (Lewis, 1998). The predominate structural 
feature is a range-front fault along the east side of the 
Avon Valley that separates the Mesoproterozic bed-
rock from the Tertiary valley fi ll.

The oldest rock units exposed in the district are 
the Snowslip, Shepard, and Mount Shields formations 
of the Mesoproterozoic Missoula Group (upper Belt). 
The rock consists of quartzite, siltite, argillite, and 
silty dolomite and limestone. The Belt units underlie 
the mountains along the north and east side of the dis-
trict east of the range-front fault, and are the host rock 
for most of the lode deposits.

The Belt rock was intruded by the Late Cretaceous 
Dalton Mountain Stock (granodiorite) that forms the 
north boundary of the district. Small gabbro intrusions 
(McDonald and others, in prep) border Washington 
Creek and are associated with local skarns. Smaller in-
trusions (mostly unmapped or known only from explo-
ration drilling) occur throughout the district. Near the 
contact with the intrusions, the carbonate-rich Shepard 
Formation is metamorphosed to a hornfels; other Belt 
units show fewers effects from the intrusions. 

Along the western and northwest boundary of 
the Finn district, Tertiary volcanic rocks (Eocene and 
Oligocene) unconformibly overlie the Belt rock. The 
volcanic rock is predominantly dacite, porphyritic da-
cite, basalt, and minor lithic tuff. Tertiary, fi ne-grained, 
valley-fi ll deposits of the Eocene Renova Formation 
underlie the southern part of the district. Tertiary al-
luvial fan and debris-fl ow deposits overlie the Renova 
Formation, primarily adjacent to the range-front fault. 
These deposits host the placer gold. The youngest 
units in the district are Quaternary surfi cial deposits.

MINING HISTORY

Placer production in the Finn district was estimat-
ed at over $1.5 million (at $20.67/troy ounce) between 
the discovery in 1865 and 1870 (Raymond, 1870). An 
additional $294,495 of gold was produced between 
1902 and 1968 (McClernan, 1976). Production from 
Washington Gulch in the 1980s and American Gulch 
in 2004 is unknown. Production from the lode deposits 
was not reported.

Early production utilized ground sluicing, as did 
some of the miners in the 1930s. Dragline and mobile 
wash plants were used in Buffalo Gulch, Jefferson 
Creek, and Washington Creek. The middle segment of 
Washington Creek was reworked in the 1980s utilizing 
scrapers and hydraulic excavators.

Current operations are confi ned to a stationary 
plant at the mouth of American Gulch and at Nevada 
Creek, near where it enters the Avon Valley. Both sites 
are near the range-front fault zone but the mining is in 
Tertiary debris fl ow deposits.

TERTIARY PLACER DEPOSITS

Tertiary sediments that form most of the placer 
deposits consist of boulders two to three feet long (1-
5%), cobbles three to six inches in diameter (50-60%), 
and sand, silt and clay. The coarser sediments are 
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sub- to well-rounded and poorly sorted. The cobbles 
and boulders are mostly Belt, with some intrusive 
and volcanic cobbles. The sediments become fi ner 
grained with distance from the range-front fault. Large 
cobble and boulder zones with limonitic clay coatings 
indicate high energy, braided stream channels (paleo-
channels) typical of alluvial fan deposits. These zones 
are discontinuous, isolated segments on the surface. 
On a regional scale, the deposits appear to be over-
lapping alluvial fans that formed during an extended 
sheet wash, mass wasting event. Modern streams have 
reworked and cut through some of the Tertiary depos-
its, eroding the surface of some of the fans by about 
600 feet. 

The placer gold occurs as fl akes and nuggets. The 
fl akes are probably from precipitation in fractures and 
along bedding planes in the shale or carbonate rocks. 
Some nuggets in American Gulch exhibited crystalline 
gold while many of the others tended to be massive 
and somewhat plain. The purity of the gold (fi neness) 
ranges from 875 to 932. This suggests the source is a 
skarn deposit associated with intrusions into the Meso-
proterozoic carbonate rocks. The main intrusion in the 
district is the Dalton Mountain Stock. 

LODE DEPOSITS

Some small lode mines, such as the Pardner Mine 
in American Gulch and the Humdinger Mine in Madi-
son Gulch, are located on these small, discontinuous 
lodes. They are driven in incompetent rock and are 
impossible to access in most cases. The upper third of 
the west-fl anking range exhibits roof pendant miner-
alization in the Belt carbonate rocks alone the contact 
with the 2-3 intrusive bodies.

The range-front fault appears to be a minor source 
of the placer gold although it hasn’t been explored for 
lode targets. The strike length of this potential min-
eralization is 7½ miles. The placers indicate that the 
mineralization in this lode is discontinuous. .

ROAD LOG

The Finn district is located about 25 miles north-
west of Elliston. From Elliston, head west 8 miles on 
Highway 12 to the intersection with Highway 141 at 
Avon.. Turn north (right) onto Highway 141 and pro-
ceed approximately 15.4 miles to the turnoff to Dalton 
Mountain Road. Turnoff is on the right side (east) and 

is marked by a small, brown USFS sign. Pull off road 
and park for Stop 1. 

STOP 1    Finn District/Geology Overview

Stop 1 will be a quick geologic summary and fi eld 
trip overview. Figure 1 shows the location of the plac-
er deposits, general geology, and fi eld trip stops. Parts 
of this fi eld trip are on private property and required 
prior permission.

STOP 2    Deer Lodge Lode, Madison Gulch 

The extensive placer deposit in this area extends 
from the scarn to just below the Deer Lodge lode. The 
Deer Lodge lode is collared in a feeder vein in the 
granodiorite of the Dalton Mountain Stock.

STOP 3    Buffalo Gulch

Little of the gulch has been worked. Near the 
mouth of the Clear Creek drainage (lower Buffalo 
Gulch), handwork and ground sluicing were carried 
out next to hay ground in an area of less than an acre. 
Upstream, less than a mile away, a cable shovel with 
a mobile wash plant processed gravel in the bend of 
the creek in 1938. A total of 35,967 cubic yards was 
washed yielding 230 ounces of refi ned gold. At today’s 
price, it would have yielded $2.68 per cubic yard. The 
workings do not indicate that the operation stripped 
the waste before washing. Extensive ground sluicing 
occurred on the toe of the ridge near where the Clear 
Creek/Buffalo Creek road leaves the creek bottom 
to access the Dalton Mountain road. The workings 
indicate a substantial paleo-channel that was worked 
where water was available. The hand workings and 
boulders on the hillside indicate the pay zone is likely 
perched on the hillside more than 100 feet north of the 
present stream. There is no indication that either the 
present drainage or paleo-channel has been tested in 
more recent times.

STOP 4    Humdinger Mine, Madison Gulch

At the Humdinger Mine, the placer occurs in a 
paleo-channel deposit on a bench on the east side of 
the creek  and continues up the drainage to the north. 
Downstream from the mine, near the range-front fault, 
the paleo-channel exists on the west side between the 
creek and the road. The paleo-channel, where ex-
posed, is about 30-40 feet wide and 6-9 feet deep. Few 
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resources appear to remain where it is exposed but 
excavation may discover enough for a small operation. 
The stream bottom is unworked. 

Continuing downstream, no obvious evidence of 
mining exists until near the divide between Jefferson 
and Madison creeks where a small portion of a paleo-
channel has been worked. Near where the Dalton 
Mountain and Jefferson Creek roads split, a portion of 
the braided stream environment has been worked. East 
and west of the Dalton Mountain road, for the fi rst half 
mile above where the two roads fork, an old channel 
was worked by ground sluicing. Below that, 10-12 
acres were stripped with horse slips and about a third 
of the area was worked but none to bedrock. Clay 
coloration and cobble size indicate a channel exists but 
the workings show everything was processed regard-
less of value.

Farther down (south) on Jefferson Creek, a drag-
line processed gravel through a plant until the paleo-
channel was crossed and the gold ran out. The dragline 
was then moved farther up Jefferson Creek where 
mining resumed. Sizable resources may still exist in 
this area but will require substantial testing to identify 
the economic gravels.

STOP 5    Middle Jefferson Gulch

The middle part of Jefferson Gulch was heavily 
worked with a dragline. The lower end of this area 
is hay fi elds and likely has limited gold resources as 
it consists of silts and clays and may be beyond the 
transport distance of the gold. Most of the stream-
reworked ground has been mined in this area. Hillside 
gravels have been ground sluiced but no machine 
work is in evidence. Consequently, a large volume 
of gravel exists but must be tested to determine if the 
grade is adequate for a profi table operation.

STOP 6    Range-front fault, Jefferson 
        Gulch

The range-front fault has been exposed in a 90-
foot deep pit along Jefferson Creek. The vertical offset 
of the gravel on either side of the fault is about 95 feet. 
Rocks removed from the excavation show breccia-
tion with cinnabar, gold and native mercury. Northeast 
of the fault, for about two mile,s are indications of 
tensional en echelon faults. Through the placer exca-

vation and lode exploration, it is apparent that two or 
three of these faults exist. Some faults created a fi ssure 
that was fi lled with quartz; in others, the porosity cre-
ated allowed hydrothermal alteration of the country 
rock that resulted in limonite and manganese fl ood-
ing of adjacent areas. Much of the drainage above the 
fault has been ground sluiced and some pay- gravel 
remains. It is likely that high-grade pockets remain 
below some of the fault zones. It is also probable that 
much of the remaining gravel is low grade and would 
need to be tested prior to mining to ensure profi tabil-
ity.

STOP 7    Upper Jefferson Gulch 

Placer mining extended to near the headwaters of 
Jefferson Gulch. Some areas are still being worked. 
Near the headwaters of Jefferson Creek, the contact 
between the Dalton Mountain Stock and carbonates 
of the Shepard Formation of the Belt Supergroup is 
exposed. The nearby Wiggins Mine is developed along 
the contact.

STOP 8    Washington Gulch

The lower part of Washington Creek was heavily 
worked with a dragline and plant in the 1930s. The 
middle part was worked with a dragline and wash 
plant, then again with scrapers and fi nally excavators. 
Resources are indicated on the southeast side of the 
creek and extend about 600 feet up the hillside. Some 
of this was worked by hand but little has been tested. 

Along the range front fault, a dry drainage extends 
northwest from the creek for about 1 mile. This drain-
age was ground sluiced. To the south and southwest, 
including part of Cow Gulch, the area was worked by 
shallow (5-8 ft deep) ground sluicing wherever suf-
fi cient water was available. Extensive, untested gravel 
deposits remain in this area. Excavations have shown 
intermittent paleo-placers interfi ngering with volcanics 
that contain gold, similar to the lower Gold Creek/Pio-
neer District placer deposits in Powell County.

In the upper part of Washington Gulch, the creek 
splits into two drainages. Workings extend up both 
drainages for at least ½ mile. The source of the gold 
in these drainages appears to be a skarn in the Belt 
carbonate. In the lower third of the left fork, the pay 
channel is on the right side of the creek. Farther up, it 
is on the left side. A landslide buried the placer mid-
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way up the drainage. Above the landslide, most of 
the mining was done by hand. Along the right fork, 
current operations are mining the remaining resource. 
The resource appears to be 10-15 feet wide and about 
as thick and is confi ned to the left (north) side of the 
creek. 

STOP 9    American Gulch

The placer deposits in American Gulch were pri-
marily mined by ground sluicing. Many of the work-
ings continue well up the south hillside to the edge of 
the old ditch that brought water for the sluicing opera-
tions. These spots are 100 to 200 feet above the creek 
bottom. Placer resources continue up the drainage to 
the Pardner Mine but the volume produced is limited 
on the east side of the range-front fault.

Placer mining in this drainage is-and has been-
limited by a shortage of water. Additional testing is 
critical to understanding the economics of this deposit. 
Drilling has identifi ed multiple intrusive bodies but 
limited lode resources.

STOP 10    Nevada Creek

Like the rest of the district, placer mining activity 
decreases rapidly once you cross to the east side of 
the range-front fault. The most signifi cant lode source 
was the quartz gold deposit found at the Mascot Mine 
located on the south side of the lower portion of the 
deposit. Production was early in the last century 
through a gravity mill. A paleo-placer exists on the 
south fork of the drainage east of the USFS cabin, on 
the east side of the creek. It contains a small amount 
of yardage and no indication of mineralization exists 
above that point.

Gold is easily panned along the creek below the 
fault. There are signifi cant volumes of gravel but 
ranching has limited development of placer reserves. 
Most of the area is untested. The fault continues to the 
southeast but the mineralization does not appear to 
continue much past Nevada Creek.
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ABSTRACT 

 This road log describes Eocene volcanic rocks 
northwest of Butte, Montana. Outcrops of tuff, lava, 
and breccia cross Interstate 90 (I-90) and exhibit a 
wide range in texture and composition. The compos-
ite section of volcanic rocks is 800 m thick and is the 
remnant of two ignimbrite sheets. A 12-km2 rhyoda-
cite vent complex north of I-90 erupted most of these 
deposits at ~ 52 Ma. A 6-km2 andesite-dacite lava 
dome formed south of I-90 at ~ 50 Ma. Mineral depos-
its formed in association with extensional block faults, 
volcanic vents, and fi ssures. We present a model that 
ties these deposits to upper crustal magmatism in an 
extensional environment.

INTRODUCTION

The Sevier fold and thrust belt hosts Late Creta-
ceous – Eocene igneous rocks west of where it bends, 
and intersects the Great Falls Tectonic Zone and the 
Lewis and Clark Line (fi g. 1, inset map) (see Vuke and 
others, 2007). The igneous rocks, in part, represent the 
Late Cretaceous volcanic arc in southwestern Mon-
tana. Extension of the arc began between 62 and 53 
Ma. Block faults cut ca. 62 m.y. old Cu – Mo miner-
alization at Butte (Houston and Dilles, 2013). East of 
Butte, block uplift began at ~ 55 Ma at Bull Mountain, 
north of the Golden Sunlight (DeWitt and others, 
1996). Southeast of Butte the Absaroka volcanic fi eld 
near Yellowstone National Park (fi g. 1), formed during 
extension c.a. 55 – 52 m.y. ago (summary in Feeley 
and others, 2002). Northeast of Butte, extension began 
prior to 53 Ma near the Montana Tunnels mine (Silli-
toe and others, 1985). West of Butte, detachment fault-
ing accompanied volcanism at 53 Ma near Anaconda 
(summary in Lonn and Elliott, 2010).  

The Lowland Creek volcanic fi eld (fi g. 1) contains 
two ignimbrite sheets (fi g. 2) that erupted between 
53 - 49 Ma (Smedes, 1962; Smedes and Thomas, 
1965; 40Ar/39Ar ages from Dudas and others, 2010) 

that record caldera-forming eruptions (Foster, 1987). 
The basal ignimbrite is lithic-rich rhyolite (70.1 -72.9 
wt. % SiO2; fi g. 3) deposited at 53 Ma (Table 1, fi g. 3; 
40Ar-39Ar age from Dudas and others, 2010). The upper 
ignimbrite is a porphyry rhyodacite (65.0 -73.3 wt. % 
SiO2). The ignimbrites are capped by andesite - dacite 
lavas (61.6 wt. % SiO2) and intruded by rhyolite dikes 
(72.2 wt. % SiO2) (fi g. 2, Table 1). Periods of limited 
volcanic activity from 52.5 to 50.0 Ma separate the 
pyroclastic eruptions.

ROAD LOG

There are seven stops on this fi eld trip. Stop 1 
provides a structural overview of the southern Deer 
Lodge Valley. Stop 2 looks at an Au- and Ag-bearing 
rhyolite breccia at the Tuxedo Mine, and stops 3-7 
examine vent proximal volcanic deposits. 

This fi eld trip begins at Elliston, Montana and ends 
east of Butte, Montana. From Elliston, drive west on 
U.S. Highway 12 21.5 miles to where it joins I-90 
at Garrison Junction. Take southbound I-90 for 36.3 
miles and take exit 211 (Fairmont Road). Turn right 
at the stop sign. Follow Fairmont road for 2.8 miles, 
passing the Fairmont resort. Turn left on to Shirley 
Way and drive for 1.1 miles. Turn right on to the dirt 
road and follow for 0.3 miles to a water tower. 

STOP 1    Geologic overview of the southern 
        Deer Lodge Valley 

Stop 1 is near the contact between the Late Cre-
taceous Boulder Batholith and the Eocene Lowland 
Creek volcanic fi eld (fi g. 1). Northeast-striking block 
faults controls the contact between Late Cretaceous 
and Eocene rocks. The contact lies within the Great 
Falls Tectonic Zone (O’Neill and Lopez, 1985) (fi g. 
1). We are standing on Late Cretaceous granite in the 
footwall block of a northeast-striking, north-dipping, 
normal fault. Over a km of Eocene volcanic depos-
its and sediment (Konizeski and others, 1968) cover 
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Figure 2. Composite section of Eocene volcanic rocks exposed west of Butte. Rock type data, and sample locations are shown on fi g-
ures 3 and 4. Three eruptive cycles, the basal ignimbrite, upper ignimbrite, and upper lavas, occur in the section. The preferred age of 
ignimbrites and upper lavas are the 40Ar-39Ar ages of Dudas and others (2010). A preliminary U-Pb age of 50.6 ± 0.5 Ma is assigned to a 
rhyolite dike that cut the ignimbrites (sample 14, fi g. 4). 
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the hanging wall block of the fault in the valley. 
North-striking Miocene Basin and Range faults (e.g., 
Reynolds, 1979) cut northeast-striking block faults. 
This fault intersection controlled basin formation and 
sedimentation in the southern Deer Lodge Valley.

To our south and west are hills formed from the 
basal ignimbrite of the Eocene volcanic fi eld (fi g. 2). 
To the northeast, across the southern end of the Deer 
Lodge Valley, you can see hills underlain by the upper 
ignimbrite of the 800 m thick volcanic package. The 
entire volcanic fi eld is buttressed onto the Boulder 
Batholith (fi gs. 1 and 2). 

The volcanic pile is compositionally zoned, from 
rhyolite at the base, to rhyodacite and to dacite-andes-
ite lavas at its top (fi gs. 2 and 3). Together the rocks 
form a calc-alkaline igneous suite (fi g. 3B). Breccia 
deposits are abundant and in most cases formed near 
vents (fi gs. 4 and 5).

Immediately to our northeast is Fairmont (Greg-
son) hot springs. Hot spring water is 71° C at the 
resort and around 129° C in its subsurface reservoir 
(Metesh, 2000). The location of the geothermal re-
source is controlled by the local fault geometry. Inter-
secting northeast- and north-striking fault zones allow 
for deep (4.3 km), and slow, groundwater circulation, 
if we assume a regional geothermal gradient of 30° C/
km (Sonderegger, 1984). 

STOP 2    The Tuxedo Mine 

From stop 1, drive north on Shirley Way to where 
it intersects Fairmont road. Turn right on Fairmont 
road. Drive east on Fairmont road for 2.8 miles and 
cross over I-90. At the stop sign, turn northwest onto 
Bossard Road and drive for 0.2 miles to where the 
road splits. At the split, take the east road and drive for 
0.9 miles. Turn north onto the dirt road, drive past a 
house on the left, and continue for less than 0.2 miles 
to a gate. Go through the gate and close it behind you. 
Continue northeast along the well-worn dirt road for 
1.6 miles to a locked gate. Turn hard right and drive 
0.4 miles uphill to the south on a less-worn road. Park 
near the old mine yard. Note: Stop 2 is on private 
property, and access requires landowner permission.

The Tuxedo Mine is at the Late Cretaceous Boul-
der Batholith – Eocene Lowland Creek volcanics 

contact (fi g. 1) where Au and Ag occur in silicifi ed 
rhyolite breccia (fi g. 4, Table 1: samples 16a and b). 
Mining occurred from 1920 to the 1950’s. At the 
height of activity, operations consisted of a 30 m shaft 
and head frame intersected by two adits (both now 
caved). The Porter Tunnel in the hillside below the 
shaft collar, yielded Au values of 6 oz./ton. Company 
logs describe native gold occurrences and the property 
was of interest to mineral exploration companies as 
recently as the 1980’s. Silver minerals include ruby 
silver (proustite and pyargyrite), and argentite, and oc-
cur in onionskin-textured chalcedony bands.

The deposit formed during fumarole activity along 
an Eocene fi ssure. Several generations of quartz in-
dicate that repeated cycles of crack and seal occurred 
along the structure. Hydrothermal circulation resulted 
in silicifi cation and chalcedonization of permeable 
clay zones. The principal ore is hydrothermal brec-
cia set in a microcrystalline blue-gray quartz matrix. 
High-grade ore occurs in a 1 m zone that widens out-
ward to 120 m, and decreases in grade. An estimated 6 
million tons of mineralized rock follows the northeast-
trending ridgeline (fi g. 4). 

STOP 3    Basal ignimbrite 

From stop 2, turn around and follow the dirt road 
downhill, to the northeast, for 0.4 miles. Stay left, and 
continue to follow the road downhill for 1.5 miles to 
the gate. Go through the gate and close it behind you. 
Continue for 0.3 miles, past the house on your right, 
to a T in the road. Turn right and drive west on Crad-
dock road for 1.1 miles and exit onto southbound I-90, 
towards Butte. Drive for 5 miles and take exit 216 
(Ramsay). Turn left, at the stop sign and cross over 
I-90. Driving northwest, the road bends sharply to the 
northeast after 0.6 miles. Continue on this road for 1.6 
miles, where it T’s. Turn right at the T, and follow the 
winding gravel road north for 1.7 miles. Park along 
the side of the road, and hike ~ 0.1 miles northeast to 
our lunch spot. Note: Stop 7 is on private property, and 
access requires landowner permission.

Stop 3 provides exposures of semi- to completely 
welded ash-fl ow tuff that forms the top of the basal 
ignimbrite (Figure 2). The welded ash-fl ow tuff is 
rhyolite (fi g. 3, Table 1: samples 1, 2, 4, and 6), and 
contains abundant quartz and biotite phenocrysts. It’s 
exposed over 10 km2, and forms the southwestern 
wall of an Eocene vent complex (fi g. 4).
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Figure 3. (A) Volcanic rock types after Le Maitre and others (1989). Compositional variability among 
Eocene eruptive cycles (Figure 2) is highlighted (t = time). (B) Ternary major oxide plot shows the bound-
ary between the calc-alkaline and tholeiitic fi elds, after Irvine and Baragar (1971). Source of data - (LCV) 
Lowland Creek Volcanics: Derkey and Bartholomew (1988) and Dudas and others (2010). (EMV) Elkhorn 
Mountains Volcanics: Scarberry, in preparation.
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Figure 4. Geologic map and cross-section for an Eocene vent complex exposed in the Ramsay 7.5′ quadrangle.
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STOP 4    Vent wall breccia

From stop 3, turn around, and head southeast along 
the gravel road. Pull off after 0.4 miles and hike  ~200 
feet northwest to a breccia outcrop.

Stop 4 provides views of the wall of an Eocene 
vent complex (fi g. 4). The outcrop consists of silicifi ed 
breccia. Clasts in the breccia are the basal ignimbrite 
(fi g. 2 and 3; sample 12 in Table 1). The monolitho-
logic breccia formed in place, and at the wall of the 
vent. To the southeast, a normal fault truncates the 
basal ignimbrite, and a lahar deposit covers the vent 
wall (Figure 4).

STOP 5    Vent wall unconformity 

From stop 4, continue southeast on the road for 0.1 
miles and turn west onto Tenderfoot Trail. Follow the 
road west for 0.5 miles and park. Hike 200-300 feet 
south to a high point on the ridgeline where you have 
a view to the north and the south.

This stop is at the contact between the basal and 
upper ignimbrites (fi g. 2). The contact is a vent wall 
exposed by post-volcanic, northeast-striking and 
down to the south, block faults. The top of the basal 
ignimbrite, exposed north of the road, is fractured, 
and brecciated. Vitrophyre of the upper rhyodacite 
ignimbrite is exposed south of the road and appears 
to be unusually thick. Both ignimbrite deposits have a 
steeply dipping cleavage. Vent collapse and an ensuing 
caldera eruption explain deformation cleavage in the 
ignimbrites, and intense welding of the upper ignim-
brite (vitrophyre), at this stop. 

A rhyolite dike is visible ~ 1 km northeast of stop 
5 (fi g. 4). The dike cuts the upper ignimbrite (Figure 
2), and indicates that the vent observed at stops 2, 4, 
and 5 (fi g. 4) formed prior to the 50.6 ± 0.5 Ma (pre-
liminary U-Pb age) dike rock.

STOP 6    Lahar

From stop 5, turn around, and follow Tenderfoot 
Trail to the northeast for 0.5 miles. Turn right when 
the road T’s and drive east for 0.7 miles. We are driv-
ing into a lahar deposit that formed on a fl ank of the 
Eocene vent (fi g. 4). Look at the deposits along the 
roadside.

At this stop moderate- to weakly-cemented vol-
canic debris overlies the upper rhyodacite ignimbrite 
(fi g. 2). Lapilli, mud, and ash encase subangular to 
subrounded volcanic clasts. The clasts include black 
vitrophyre, maroon porphyry rhyodacite tuff, and gray 
biotite-rich porphyry tuff. These lithologies underlie 
the upper lavas in the volcanic section (fi g. 2). Clasts 
of rhyolite are absent in the lahar, meaning that it 
formed between ~ 51.8 and 50.6 Ma. 

The deposit could be interpreted as a hanging-wall 
landslide breccia. It is nested against the faulted vent 
wall observed at stops 4 and 5 (fi g. 4). A landslide 
origin seems unlikely due to the subrounded nature of 
many of the clasts.

STOP 7    Andesite-dacite lava dome 

From stop 6, continue south and turn left onto a 
gravel road after 0.3 miles. Note: there are several 
poorly traveled dirt roads along the route that you 
should ignore. Follow the gravel road for 2.1 miles 
and cross over I-90, towards Ramsay. Turn west onto 
the frontage road (Miles Crossing) and continue for 
2.1 miles. Follow the road to the right for 0.4 miles 
and turn west onto Canyon road. Follow Canyon road 
for 0.8 miles and turn right into a driveway. It’s a short 
hike to the outcrop. Note: Stop 7 is on private prop-
erty, and access requires landowner permission.

This stop is in silicifi ed explosion breccia of a 
49.3±0.68 Ma lava dome complex (40Ar-39Ar age from 
Dudas and others, 2010). The lava dome formed dur-
ing the fi nal phase of Eocene volcanic activity (fi gs. 
1 and 2). Massive silicifi ed explosion breccia formed 
at shallow depth in a hot spring system (fi g. 5). Brec-
cia clasts are aphanitic to porphyritic andesite - dacite 
lavas (fi g. 5, photo a). Shallow intrusions transition up 
to lavas towards the crest of the dome complex. Lavas 
exhibit vesicular texture (fi g. 5, photo b) and erupted 
into, and oxidized, water-saturated ash and clay beds 
(fi g. 5, photo c). Pillow lavas are evidence of standing 
water at the time of eruption (fi g. 5, photo d).

DISCUSSION AND CONCLUSIONS

The Eocene Lowland Creek volcanic fi eld overlies 
Late Cretaceous igneous rocks at the south end of the 
Deer Lodge Valley (fi gs. 1 and 2). Eocene volcanic 
rocks are restricted in SiO2, K2O, and Na2O wt. % 
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relative to Late Cretaceous volcanic deposits (fi g. 3A), 
and both are calc-alkaline suites (fi g. 3b). 

The Lowland Creek volcanic fi eld overlaps the age 
with the Absaroka Volcanic fi eld (fi g. 1, inset map). 
Calc-alkaline, basaltic andesite - dacite of the Absa-
roka volcanic fi eld likely formed in an active back-arc 
rift environment (see Feeley and others, 2002; Lindsay 
and Feeley, 2003). Rhyodacite of the Lowland Creek 
volcanic fi eld (fi g. 3A) may represent an end-stage of 
an Absaroka-like crustal magma system. The miner-
alogy (plagioclase > quartz > biotite) and porphyry 
texture of the ignimbrites (fi g. 2) refl ects extensive 
crystallization at shallow crustal depth. Early rhyolite 
deposits trend towards later mafi c compositions (less 
wt. % SiO2) with time and may refl ect inversion of a 
zoned crustal magma chamber.

Eocene vents  
At stops 2 – 6 we examined vent-proximal de-

posits of a ~ 51.5 Ma caldera-forming eruption. The 
distribution of breccia, vitrophyre, and dikes north 
of Ramsay locates a 12-km2 cauldron, or deformed 
caldera vent (fi g. 4). Hydrothermal breccia and rhyo-
lite intrusions track the ring fault of the vent. Wildly 
irregular fl ow foliation in the basal ignimbrite is due 
to vent collapse. The megabreccia blocks are so large 
(100’s of m) that they are generally not recognized as 
breccia in outcrop. Hydrothermal breccia and rhyolite 
dikes cut the ignimbrites (fi gs. 2 and 4). Mineralized 
breccia at the Tuxedo mine is characteristic of an epi-
thermal Au-system, and may record tumescence of the 
caldera fl oor. 

Stop 7 gives an overview of a lava dome exposed 
southwest of I-90 (fi gs. 4 and 5). Lavas and shallow 
intrusions erupted into a still, water-saturated, depres-
sion at ~ 50 Ma.  The dome aligns with northeast-
striking normal faults found north of the interstate (fi g. 
4), and may relate to a larger, unrecognized, Eocene 
vent that exists in the southern Deer Lodge Valley.

Structural setting of Eocene volcanism
Eocene magmatism records a transition from tec-

tonic compression to extension in southwestern Mon-
tana. Block faults guided hydrothermal ore fl uids into 
the extending crust (Berger and others, 2011). Exten-
sion at the latitude of Butte and within the Great Falls 
Tectonic Zone (fi g. 1) occurred after 62 Ma and well 

past 53 Ma. The orientation of lithic-bearing zones in 
the basal ignimbrite (fi g. 2) indicates that 20 - 30° of 
west – northwest tilting occurred after 53 Ma (fi g. 4).

The fi ssure system that erupted calc-alkaline 
andesite of the 55 – 52 Ma Absaroka volcanic fi eld 
trends northwest towards Butte (Chadwick, 1970) (fi g. 
1, inset map), where it loses its exposure, and may be 
cut by the Great Falls Tectonic Zone. We propose that 
ca. 53 – 49 m.y.-old Lowland Creek Volcanics north 
and west of Butte (fi gs. 1 and 2) formed in an Absa-
roka-like andesite fi eld. The pull apart of the andesite 
fi eld, by the Great Falls Tectonic Zone, allowed an 
upper crustal magma reservoir to form. In this setting, 
ignimbrites erupted into northeast-trending structural 
basins, and epithermal systems developed near vents 
and fi ssures located at basin margins (fi gs. 4 and 5). 
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INTRODUCTION

This fi eld trip explores Tertiary volcanic rocks 
exposed throughout the Elliston quadrangle located in 
west-central Montana. Tertiary v olcanic and volcani-
clastic deposits in this region generally record erup-
tive activity during a transition period from regional 
Cretaceous-Paleocene crustal shortening to mid-Eo-
cene transtensive faulting associated with the Lewis 
and Clark Line (Portner and others, 2011), and there-
fore provide an exceptional opportunity to investigate 
the relationship between magmatism and tectonism 
in this part of the North American Cordillera. Three 
volcanic complexes in the Elliston area are visited on 
this fi eld trip including the Avon, Garnet Range, and 
Crater Mountain volcanic fi elds. The age, petrology, 
stratigraphic architecture, and structural setting of each 
volcanic fi eld are documented and correlated, shed-
ding light on patterns of volcanism and transtensive 
deformation in the Elliston area during the Tertiary. 

The day-long trip begins in the town of Ellis-
ton and travels through the scenic Avon, Helmville, 
and Lincoln Valleys on Highways 12, 141, and 200, 
ultimately ending at the summit of Crater Mountain 
southeast of Lincoln. Most of the stops are along high-
ways and roads; participants are urged to be cognizant 
of traffi c. Two of the stops require driving on gravel 
roads for a cumulative distance of approximately 40 
miles (round-trip). A high clearance vehicle is recom-
mended but not crucial. The last stop entails a 3 mile 
(round-trip) moderate, off-trail hike ascending 600 
vertical feet to the summit of Crater Mountain, with 
scenic views of the surrounding area including the 
Lincoln and Helena Valleys, and the high peaks form-
ing the Scapegoat Wilderness boundary. Participants 
should bring food, water, hiking apparel, rock ham-
mer, hand lens, and enthusiasm for volcanic rocks. 

GEOLOGIC SETTING

Regional geologic setting

The Elliston area lies within the extensive Eocene 
Challis-Kamloops volcanic belt (CKVB) that spans 
over 10 degrees of latitude in the North American 
Cordillera (fi g. 1). The CKVB is composed of several 
large volcanic fi elds including the Buck Creek, Kam-
loops, Penticton, Princeton, Colville, Clarno, Challis, 
Absaroka, and Montana alkali fi elds, most of which 
were erupted between ~40-52 Ma and have a wide 
range of silica concentrations and high-K calc-alkaline 
geochemical signatures (Schleiffarth and Larson, 
2014). Volcanism recorded by the CKVB was most 
certainly linked to North America’s active plate mar-
gin, but the petrogenesis and tectono-magmatic setting 
of these rocks are poorly understood. Eocene volcanic 
intervals composing the CKVB have been previously 
interpreted as intra-arc deposits formed during the sub-
duction of the Farallon and Kula plates beneath North 
America (Moye and others, 1988). Eocene volcanism 
appears to be temporally and spatially tied to exten-
sional structures and the development of metamorphic 
core complexes, however, and several studies have 
also linked volcanism in the CKVB to regional crustal 
extension (MacDonald and others, 1992; Morris and 
others, 2000; Dostal and others, 2003). Although there 
is no broadly accepted explanation for the petrogen-
esis of the CKVB, most models attempt to account for 
the calc-alkaline signature of these rocks and the ex-
tensional stress fi eld prevalent in the North American 
Cordillera during the Eocene. Petrotectonic models for 
this brief fl are-up of calc-alkaline volcanism include 
the passage of a slab window (Breitsprecher and oth-
ers, 2003); shallow subduction followed by slab roll-
back (Vance, 1979); delamination of the Farallon plate 
(Humphreys, 1995; Feeley, 2003); and intra-arc rifting 
(Dostal and others, 2001). 



214

Jesse G. Mosolf, Geologic Field Guide to the Tertiary Volcanic Rocks in the Elliston Quadrangle

Local geologic setting of the Elliston quadrangle

The local geologic setting of the Elliston region is 
complex, located at the intersection of several tec-
tonic elements including the Lewis and Clark Line, 
the Great Falls tectonic zone, the leading edge of 
Montana’s fold-thrust belt, and the Basin and Range 
extensional corridor (fi g. 1). These differing elements 
represent a composite tectonic history spanning the 
Mesoproterozoic to the present. Strike-slip faulting as-
sociated with the long-lived Lewis and Clark Line has 
culminated in the dominantly northwest-striking struc-
tural grain observed in the Elliston area (e.g. Sears and 
Hendrix, 2004). 

Tertiary volcanic and sedimentary deposits rest 
on a regional unconformity that truncates northwest-
trending transpressive structures deforming Meso-
proterozoic through Late Cretaceous units (fi g. 2). 
Transpressive structures presumably developed in a 
shear zone that accommodated differential rotation 
between the Lewis-Eldorado-Hoadley (LEH) thrust 
slab to the north and the Sapphire-Lombard thrust slab 
to the south during Late Cretaceous-Paleocene short-
ening (Sears and Hendrix, 2004; Mudge and Earhart, 
1983).  

Dominantly northwest- and northeast-striking 
transtensive faults overprint the older transpressive 
structures, and locally tilt and displace Tertiary vol-
canic and sedimentary rocks (fi g. 2). Although the 
timing of transtensive deformation in the Elliston 
area is somewhat uncertain, faulting likely initiated 
during rapid exhumation of the nearby Anaconda 
metamorphic core complex (39-53 Ma; Foster and 
others, 2010) and the onset of mid-Eocene volcanism 
recorded by volcanogenic deposits in the Elliston 
quadrangle. Following the brief fl are-up of mid-Eo-
cene volcanism, a broad depositional basin with minor 
internal faulting developed in the Elliston region and 
accommodated fi ne-grained basin deposits of the 
Renova Formation that unconformably overlie the 
Eocene volcanic deposits, and are locally intercalated 
with basaltic lava fl ows. A regional mid-Miocene un-
conformity separating the Renova Formation from the 
overlying Sixmile Creek Formation marks the start of 
segmentation of the Renova basin into fault-bounded 
valleys including the Avon Valley traversed in this 
fi eld trip. These valleys are interpreted as grabens 
created by pull-apart structures formed during Mio-
cene and younger transtensive deformation (Reynolds, 
1979).
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Introduction to the geology of the Elliston region’s 
Tertiary volcanic fi elds 

The Avon, Garnet Range, and Crater Mountain 
volcanic fi elds were the focus of recent STATEMAP 
1:24,000 scale geologic mapping within the Elliston 
30’ x 60’ quadrangle (McDonald and others, in prep). 
One major goal of this project was to develop a map-
pable stratigraphy for Tertiary volcanic and volcani-
clastic deposits (fi g. 3). Field observations and map-
ping were aided by thin section analyses, U-Pb zircon 
geochronology (table 1), and whole-rock major and 
trace element analyses (fi g. 4). Field and analytical 
results were compiled with existing data published in 
prior reports and student theses. The following sec-
tions provide a brief geologic overview of each major 

volcanic complex visited on this fi eld trip. See Call-
meyer (1984), Parker (1995), Trombetta (1987) for 
detailed descriptions of the Tertiary volcanic rocks in 
the Elliston region. 

Avon volcanic fi eld
The Avon volcanic fi eld is located west of the Con-

tinental Divide near the towns of Avon and Elliston in 
Powell County (fi g. 5). This predominantly rhyolitic 
volcanic complex was previously considered part of 
the Eo-Oligocene Helena volcanic fi eld (Chadwick, 
1981; 1985), and was fi rst mapped in detail by Trom-
betta (1987) as part of a master’s thesis. 

The Avon complex consists of at least four map-
pable volcanic units ranging from rhyolitic tuff de-
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Figure 3. Generalized stratigraphy for the Avon, Crater Mountain, and Garnet Range volcanic 
fi elds. Compiled from McDonald and others (in prep), Callmeyer (1984), Parker (1995), and 
Trombetta (1987).

Volcanic Field

Trachyandesite to 
trachybasalt flows 
(Tba)  

Rhyolite lava flows (Tr)

Dominantly aphanitic 
trachydacite and 
trachyandesite lava flows
(Tda)

Dominantly porphyritic 
dacite, trachydacite, and 
trachyandesite lava flows 
with minor intercalated 
ash-flow tuffs (Tdap)

Phanerozoic + Proterozoic strata

Climbing Arrow Member of 
the Renova Fm. (Trca)

Cabbage Patch beds of 
the Renova Fm. (Trcp)

Dacitic tuff (Tdat)10
0 

m

29.95

46.01

46.16

46.25
46.41
46.74
47.06

47.51

47.12
47.10

47.13

47.4

47.55

32.3

Mesoproterozoic strata

Volcaniclastic 
sediments (Tvs)

Biotite rhyolite 
ash-flow

Dominantly aphanitic 
trachydacite + 
trachyandesite lavas 
(Tda)

Dominantly porphyritic 
trachydacite + 
trachyandesite lavas (Tdap)

Porphyritic trachydacite 
intrusions (Tdapi)

Rhyolite ash-flows 
(Trt)

Rhyolite dikes (Tri)

47.41

48.07

39.24

39.79
39.73

48.5

36.5

Basaltic lava (Tba)

Porphyritic rhyolite  
lava flows (Trp)

Rhyolite tuff (Trt)

40.62

40.8

Climbing Arrow 
Member of the 
Renova Fm. (Trca)

Dacite dome (Tdai)

Aphanitic dacite and 
trachydacite flows 
(Tda) 

Late Cretaceous 
sedimentary and 
igneous rocks

section continues upward

O
lig

o.

?   ?   ?

E
oc

en
e

Crater MountainAvon

E
oc

en
e

O
lig

o-
M

io
ce

ne
(?

)

E
oc

en
e

Garnet Range
section continues upwardsection continues upward

Legend
Approximate lithostratigraphic 
boundaries

39.24

36.5

U-Pb zircon age (McDonald and 
others, in prep)
K-Ar age (Ma; Parker, 1995; Mitchell 
Reynolds written communication, 
2014)



217

Jesse G. Mosolf, Geologic Field Guide to the Tertiary Volcanic Rocks in the Elliston Quadrangle

posits to basaltic lavas (fi gs. 3, 5, & 6), all of which 
unconformably overlie Late Cretaceous sedimentary 
and igneous rocks. Aphanitic trachydacite and dacite 
lavas (Tda) are the oldest volcanic units exposed. The 
age of these fl ows has not been constrained by reli-
able radiometric age data, but they are likely correla-
tive with aphanitic lavas mapped in the Garnet Range 
(Callmeyer, 1984; McDonald and others, in prep) that 
are constrained between 46.01 and 46.16 Ma (see 
following section). A series of conspicuously porphy-
ritic rhyolite lavas (Trp) and subordinate rhyolite tuff 
(Trt) overly the dacitic lavas in the Avon area, and are 
intruded and intercalated with an exogenous dacite 
dome exposed along Highway 12. The porphyritic 
lava fl ows yielded two agreeable U-Pb zircon ages 
of 40.62±0.16 and 40.8±0.17 Ma (fi g. 4) that fi rmly 
establish a middle Eocene age for this eruptive cycle. 
Basaltic andesite fl ows (Tba) locally overlie rhyolite 
fl ows, and are assumed to be the youngest extrusive 
volcanics exposed in the Avon fi eld. No age data have 
been obtained for basaltic lavas in the Avon region, 
but they are likely correlative with Eo-Oligocene 
(29.95 to 37.3 Ma) basaltic lava fl ows exposed in the 
eastern Garnet range. 

Garnet Range volcanic fi eld
The Garnet Range volcanic fi eld is located north 

of the Clark Fork River in parts of Powell, Granite, 
and Missoula Counties. The eastern Garnet Range 
has been the focus of several geologic studies dating 
back to the pioneering work of Joseph Pardee (1917). 
Despite numerous geologic investigations and historic 
mining in the Garnet Range dating back over a cen-
tury, the volcanic rocks in this region were not mapped 
in full detail until somewhat recently (Callmeyer, 
1984; McDonald and others, in prep). 

Eocene volcanic rocks in the eastern Garnet Range 
unconformably overlie Mesoproterozoic through 
Mesozoic strata deformed by northwest-oriented 
transpressional folds and faults. The Garrison Anti-
cline is the one of the largest, most notable of these 
structures and was originally mapped by Pardee 
(1917). The Garnet Range volcanic fi eld is composed 
of at least fi ve mappable volcanic units (fi gs. 3, 7, & 
8). The oldest map unit (Tdap) is a stack of predomi-
nantly porphyritic trachydacite to trachyandesite lavas 
intercalated with minor dacitic tuff deposits (mapped 
locally as Tdat; fi g. 7). U-Pb zircon ages span 46.16 
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Figure 4. Whole-rock geochemical data from samples collected 
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diagram (Na2O + K2O vs. SiO2) after LeBas and others (1986). 
Data compiled from McDonald and others (in prep), Mahoney and 
others (this volume), Parker (1995), and Trombetta (1987). See 
Figures 5, 7, & 9 for sample locations and unit abbreviations.
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to 47.55 Ma and fi rmly establish a mid-Eocene age 
for this map unit. A series of dominantly aphanitic 
trachydacite and trachydacite fl ows (Tda) overlie 
the porphyritic lavas. A single K-Ar age of 44±2.2 
Ma was reported for this unit (Callmeyer, 1984) but 
the large associated error suggests this may not be a 
reliable age. Flow-banded rhyolite lava (Tr) overlies 
the aphanitic fl ows near the western margin of the 
Avon Valley (fi g. 7). A fl ow from this unit yielded a 
single U-Pb zircon age of 46.01 Ma, suggesting the 
underlying aphanitic lavas are older than Callmeyer’s 
reported K-Ar of 44.8 Ma. The youngest volcanic unit 
in the eastern Garnet Range is composed of basaltic 
lava fl ows (Tba) that locally overlie Mesoproterozoic 
bedrock and are intercalated with Tertiary sedimentary 
deposits of the Renova Formation. These fl ows yield-
ed U-Pb zircon and K-Ar ages spanning 29.95 to 37.3 
Ma (McDonald and others, in prep; Reynolds, written 
communication, 2014).  

Crater Mountain volcanic fi eld
The Crater Mountain volcanic fi eld is located in 

Lewis and Clark County east-southeast of Lincoln. 
Volcanic deposits of the Crater Mountain volcanic 
fi eld rest on an unconformity truncating metasedimen-
tary rocks of the Belt Supergroup that are tilted and 
faulted. At least four volcanogenic units are observed 
in this area (fi gs. 3, 9, & 10), all of which can be cor-
related to map units in the Avon and Garnet Range 
volcanic fi elds. The oldest volcanic unit exposed is a 
stack of porphyritic trachydacite and trachyandesite 
lava fl ows (Tdap) that are remarkably similar to those 
in the eastern Garnet Range. Two U-Pb zircon ages of 
47.41±0.22 and 48.07±0.18 Ma were obtained from 
this unit. A series of aphanitic trachydacite and trachy-
andesite lavas (Tda) overlie the porphyritic lavas. No 
reliable age data have been obtained from these fl ows, 
but they most likely are correlative with those in the 
Garnet Range and Avon fi elds. Expansive rhyolite ash 
fl ow tuff deposits (Trt) overlie aphanitic (Tda) and 
porphyritic (Tdap) lava fl ows locally (fi g. 9), and are 
the main host of epithermal gold mineralization in 
the region, which includes the McDonald gold de-
posit north of the Blackfoot River (Bartlett and oth-
ers, 1998). U-Pb zircon ages from rhyolite ash fl ows 
span 39.24 to 39.79 Ma, indicating this unit is slightly 
younger than the porphyritic rhyolite lavas (Trp) ex-
posed in the Avon fi eld. 

ROAD LOG

This fi eld trip begins in Elliston, MT. Field trip 
stops are referenced to GPS coordinates, and also to 
geographic locations, highway markers, and road/
highway names. The mileage to or between stops is 
given in addition to points of interest in-between stops. 

MILEAGE

STOP 0 0 mi (45.5612, -112.4303): be-
ginning of road log in Elliston, MT.

Reset your car’s trip odometer. Begin driving west 
on Highway 12 towards the town of Avon, following 
the Little Blackfoot river valley. Exposures of Eocene 
rhyolite lava overlain by fi ne-grained sediments of the 
Renova Formation occur north and south of the high-
way (fi g. 5).  

2.6 Dacite outcrop (Tdai) south of the highway 
with prominent columnar jointing and vertical igneous 
foliations. This unit was interpreted by Trombetta 
(1987) to be a dacite lava dome intruding and 
intercalated with porphyritic rhyolite lava fl ows and 
tuffs occurring in this area. The rock is typically gray 
to black and fi ne-grained with sparse phenocrysts of 
quartz, sanidine, oligoclase, hypersthene, and augite. 
No reliable age data have been obtained from this unit. 

7.5 Roadcut of rhyolite porphyry south of 
the highway (east of the Avon Café) containing 
phenocrysts of quartz, plagioclase, biotite, hornblende 
in a waxy, maroon matrix. Abundant circular cavities 
in this rock are interpreted to be weathered/altered 
lithophysae. Black vitrophyre can be seen in the fl oat. 
A rock sample from this outcrop yielded a U-Pb zircon 
age of 40.8±0.17 Ma. We will visit an outcrop of this 
unit at STOP 2. 

Continue driving west on Highway 12 through the 
town of Avon and towards the Garrison Junction. The 
Little Blackfoot River valley narrows past Avon and 
is bordered to the north and south by Eocene volcanic 
rocks. 
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STOP 1 11.3 (46.5912, -112.6568): 
  Eocene aphanitic lava fl ows, 
  Avon volcanic fi eld. 

Park in the broad gravel pullout with an interpre-
tive sign immediately after a pronounced bend in the 
highway. Prominent cliffs of trachydacite lava fl ows 
(Tda) can be seen NNE of the highway. A large Qua-
ternary landslide over a ¼-mile wide can be seen 
between the base of the cliffs and the river. 

Aphanitic dacite and trachydacite lava fl ows 
compose the oldest volcanic unit exposed in the Avon 
volcanic fi eld and rest unconformably on faulted and 
folded Mesozoic strata. In outcrop, the lava fl ows are 
typically brown to gray weathering and commonly 
have an aphanitic texture with sparse phenocrysts of 
plagioclase. Under the microscope, the rock consists 
mostly of plagioclase microlites with centimeter-scale 
fl ow foliations. Fractures preferentially developed 
along fl ow foliation planes give the rock a blocky to 
fl aggy characteristic in outcrop. Monolithologic brec-
cia is abundant throughout this unit and is interpreted 
to be autobreccia formed while the lava was fl owing. 
Bulk rock geochemical data reveal these fl ows to be 
dacites (fi g. 4). No reliable radiometric age data have 
been obtained from this unit, but it likely correlates to 
aphanitic lavas mapped in the eastern Garnet Range 
constrained between 46.01 and 46.16 Ma (fi g. 7). 
These dacitic lava fl ows were likely effusive (i.e. non-
violent) erupting from vents or fi ssures in the Avon 
area.

Cross the highway and walk approximately 0.36 
miles northeast (towards Avon) to view an excellent 
outcrop of this unit. BE CAREFUL! Traffi c moves 
fast on this highway and the crossing is near a blind 
corner. Abundant fl oat of this unit can be seen along 
the road approaching the outcrop. Return to car and 
carefully execute a U-turn, heading eastward on High-
way 12 back towards Avon. 

STOP 2 12.6 (46.5974, -112.6322): 
  Eocene porphyritic rhyolite and 
  tuff, Avon volcanic fi eld. 

Park in the large pullout on right side of the 
highway near mile marker 11. Prominent cliffs of 
porphyritic rhyolite lava (Trp) can be seen across the 

river, north of the highway. These fl ows comprise the 
majority of rock exposed in the Avon volcanic com-
plex. Walk approximately 200-300 feet westward to 
a roadcut of rhyolite porphyry on the south side of 
the highway. In outcrop, rhyolite lavas are commonly 
gray, white, tan, red and/or purple weathering. Centi-
meter- to meter-scale fl ow foliations typically give this 
unit a blocky characteristic in outcrop. Phenocrysts 
compose up to 28 percent of the rock and include 
quartz, sanidine, oligoclase, biotite, and amphibole in 
a matrix of glass, clay, and cryptocrystalline material. 
Devitrifi cation of the matrix varies from none to com-
plete. Lithophysae, up to 10 centimeters in diameter, 
are locally abundant and are eroded and partially fi lled 
with chalcedony. Discontinuous zones of vitrophyre 
and autobreccia separate individual fl ows. Bulk-rock 
major element analyses show the porphyritic fl ows 
to be exclusively rhyolite (fi g. 4). A sample from this 
outcrop yielded an U-Pb zircon age of 40.62±0.16 Ma.

Continue to walk west for ~100 ft to a white 
weathering, poorly consolidated lapilli tuff underly-
ing the rhyolite lava fl ow. This unit contains up to 
10-15 percent lapilli-size fragments of rhyolite and 
sedimentary rock. Sparse crystals of quartz, sanidine, 
oligoclase, biotite, and amphibole are set in a ma-
trix of glass shards, pumice fragments, and clay. The 
lapilli tuff in this outcrop is the upper part of a densely 
welded rhyolite ignimbrite with distinct black fi amme 
that occurs throughout the Avon area. 

The volcanic setting of voluminous eruptions of 
rhyolite lava is somewhat enigmatic. Rhyolite lavas 
are scarce among rocks of highly silicic compositions 
because most silicic magmas erupt violently and frag-
ment into pyroclasts. Rhyolite lavas are typically asso-
ciated with calderas, however, and are emplaced after 
violent caldera forming eruptions. The lower, welded 
lapilli tuff (Trt) in the Avon complex likely erupted in a 
violent Plinian-type eruption followed by voluminous 
extrusion of rhyolite lava (Trp). This eruptive sequence 
is broadly consistent with caldera formation in the Avon 
region circa 40 Ma. Interestingly, extensive rhyolite 
ignimbrite sheets were emplaced near Lincoln around 
this same time. We will visit ignimbrite deposits in the 
Crater Mountain area later in the day (STOP 6). 

Return to your vehicle and drive east towards the 
town of Avon. Turn left onto Highway 141 in the town 
of Avon and proceed north. The highway traverses 
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b
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Tda

Trp

Figure 6. Field photographs from the Avon volcanic fi eld. a) Red 
weathering aphanitic dacite lava fl ow (Tda) exposed along Highway 
12 west of Avon. b) Prominent cliff of porphyritic rhyolite lava (Trp) 
exposed along Highway 12 west of Avon.

the Avon Valley, a northwest-trending graben located 
between the Garnet Range to the west and the Nevada 
Mountains to the east. For the next several miles, fi ne-
grained sedimentary deposits of the Renova Formation 
are visible in road cuts and low hills adjacent to road. 
This formation is prone to landslides. 

21.9 Drainage divide between the Little Blackfoot 
River to the south and the Blackfoot River to the 
north. The divide is aligned with a gravity high (Hanna 
and others, 1994; Knatterud and others, this volume) 
that bisects the Avon Valley and is along the projected 
strike of a northeast-trending, high-angle fault mapped 
in the eastern Garnet Range (fi g. 7). We suspect the 
gravity high marks an eastward continuation of this 
high-angle fault. 

23.3 The timbered hill to the west is Antelope Butte, 
a northwest-trending syncline deforming the Renova 
Formation. The lower slopes are composed of the 
Eocene Climbing Arrow Member, whereas the upper 
slopes are the Oligo-Miocene Cabbage Patch beds. 
The Cabbage Patch beds locally overlie basaltic lava 

fl ows that yielded a U-Pb zircon date of 29.95±0.17 
Ma (Mosolf and Vuke, in review). The carbonate 
beds on Antelope Hill are locally silicifi ed to white-
weathering, gray porcellanite and variegated chert that 
was quarried by native people for projectile points. 
The “Avon Chert” has a distinctive chemical signature 
and has been found as distant as Illinois (Roll and 
others, 2005).

STOP 3 27.2 (46.7518, -112.704): 
  overview of the Avon Valley 
  graben and the eastern Garnet 
  Range volcanic fi eld. 

Park in the large gravel lot on the left side of the 
highway immediately after the Little Valley Ranch 
turnoff. Much of the eastern Garnet Range volcanic 
fi eld is hard to access, requiring long drives on rough 
jeep roads. This stop offers good vistas of the eastern 
Garnet Range volcanic complex to the southwest, as 
well as faults bounding the Avon Valley graben. We 
will visit representative outcrops of the eastern Garnet 
Range volcanic complex at STOPS 4 & 5. 

Systems of oblique-slip faults bound the south-
western and northeastern margins of the Avon Valley, 
and were synchronous with the high-angle, northeast-
striking faults occurring in the area (fi g. 2). The Avon 
Valley graben and associated faults are interpreted to 
be pull-apart structures formed by dextral strike-slip 
motions within the Lewis and Clark Line during the 
Cenozoic (Reynolds, 1979). 

To the northeast, a major northwest-striking fault 
system clearly defi nes the Avon Valley’s northeast 
margin where dramatic triangular facets are observed 
along the Nevada Mountains range front. This system 
of faults places Mesozoic through Mesoproterozoic 
rocks against poorly consolidated Quaternary-Tertiary 
sedimentary deposits that locally interfi nger with lava 
fl ows. 

To the southwest, the fault system bounding the 
southwest margin of the Avon Valley is less obvious 
with weakly developed or no triangular facets oc-
curring along the eastern Garnet Range front. De-
spite poor geomorphic expression, numerous fault 
kinematic measurements made along the range front 
suggest that a system of NW-striking and steeply dip-
ping oblique-slip faults with right-lateral offsets occur 
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along the Avon Valley’s southwest margin. 

To the south-southwest, the southern part of the 
Garnet Range is underlain by folded and faulted Me-
sozoic and Paleozoic rocks locally overlain by sparse 
Eocene volcanic deposits. A prominent northeast-
striking, down to the northwest fault bisects the range, 
juxtaposing deformed Paleozoic-Mesozoic rocks to 
the south against Eocene volcanic rocks of the east-
ern Garnet Range volcanic fi eld to the north. This 
northeast-trending fault is along strike of a gravity 
high bisecting the Avon Valley (Knatterud and others, 
this volume). The Eocene volcanic sequences north of 
this fault are primarily composed of aphanitic (Tda) 
and porphyritic (Tdap) trachydacite and trachyandes-
ite lava fl ows with minor tuffaceous intercalations. 
Lava fl ows and ash deposits rest on an unconformity 
that truncates deformed Phanerozoic and Proterozoic 
strata. Volcanic strata appear to thicken eastward and 
dip gently towards the valley and were perhaps de-
posited in a broad, actively subsiding, extensional or 
transtensional basin. 

Fine-grained sediments of the Renova Formation 
overlie the older Eocene lavas along the margins and 
within the Avon Valley. These deposits are locally 
intercalated with Eo-Oligocene basaltic lavas (Tba) 
and are generally confi ned to the valley. The Renova 
Formation and intercalated lavas are locally tilted and 
displaced by faults associated with the Avon graben.

To the northwest, the Avon Valley narrows dra-
matically near Nevada Lake, where a complex system 
of northwest- and northeast-striking faults displace 
Eocene volcanic rocks resting on Mesoproterozoic 
metasedimentary rocks of the Belt Supergroup. 

Continue driving north on Highway 141 for 5 
miles to the Clear Creek road turnoff on the right. 

32.2 Turn right on to Clear Creek (gravel road) and 
drive for approximately 0.8 mi passing exposures of 
the Mount Shields Formation of the Belt Supergroup.

STOP 4 33 (46.8000, -112.772): Eocene  
  porphyritic lava fl ows, Garnet 
  Range volcanic fi eld. 

Pull over onto the shoulder of the road near the 
outcrop of a porphyritic lava fl ow (fi g. 7). Porphyritic 

lava fl ows (latites) represent the oldest volcanic unit in 
the eastern Garnet Range volcanic complex. In out-
crop, the lava fl ows commonly weather to gray, green, 
and red blocks and plates with some outcrops forming 
hoodoos and spires. Individual lava fl ows typically 
have a massive interior encompassed by carapaces of 
autobreccia several meters thick. Lava fl ows have a 
distinct porphyritic texture with subhedral to euhedral 
phenocrysts of plagioclase (up to ~5 mm) and minor 
amounts of amphibole, biotite, and quartz. Micro-
scopically, the fi ne-grained groundmass typically has 
a trachytic texture and consists mainly of aligned 
microlites of plagioclase but also includes amphibole, 
biotite, and magnetite. Whole-rock major element data 
identify these lavas as dacites, trachydacites, and tra-
chyandesites (fi g. 4). U-Pb zircon ages span 46.16 to 
47.55 Ma (fi g. 3; table 1). The hills east of the road are 
underlain by porphyritic lavas (Tdap) that are overlain 
by aphanitic fl ows (Tda).  

Porphyritic lavas were viscous, slow moving fl ows 
that did not travel far from their source vents, and 
likely formed lava domes locally. Volcanic centers are 
hard to identify in this area, but fl ows composing this 
geographically widespread unit likely erupted from 
several fi ssure-type vents throughout the eastern Gar-
net Range volcanic fi eld. More explosive eruptions of 
dacitic tuff typically preceded the extrusion of porphy-
ritic lava fl ows. 

Return to vehicle and continue driving north on 
Clear Creek road passing through intermittent road 
cuts of the Mount Shields Formation and Quaternary 
landslide deposits. 

33.1 Small quarry of the brecciated 
Mesoproterozoic Mount Shields 2 Formation.

33.5 Bear right at fork in the road.

34.0 Turn right on to Buffalo Gulch Road and 
continue driving for approximately 0.3 mi.

STOP 5 34.3 (46.8104, -112.754): Eocene 
  aphanitic lava fl ows, Garnet 
  Range volcanic fi eld. 

Pull into the small roadside quarry or park on the 
shoulder of the road near the outcrop. The lava fl ow 
exposed in this outcrop is part of a stack of predomi-
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nantly aphanitic lavas (Tda) overlying the porphyritic 
fl ows (Tdap) visited at STOP 4, and unconformably 
resting on Mesoproterozoic rocks locally. In outcrop, 
aphanitic lava fl ows typically weather gray and com-
monly exhibit a distinct fl ow banding that cleaves into 
fl aggy, angular talus often with red iron staining on 
parting surfaces. Massive fl ows with rare columnar 
jointing are also observed. Aphanitic lavas exhibit a 
strong trachytic texture consisting mainly of plagio-
clase microcrystals, but also include minor amounts 
of pyroxene, magnetite, and volcanic glass. Porphy-
ritic (<5-10% phenocrysts) fl ows contain subhedral 
to euhedral phenocrysts of plagioclase, amphibole, 
and minor amounts of biotite. Exposures throughout 
the Clear Creek drainage contain abundant amphibole 
laths that are fl ow-aligned and give the rock a well-de-
fi ned parting cleavage. Whole-rock geochemical anal-
ysis identifi es most of these lavas as trachydacites and 

trachyandesite (fi g. 4); no age data have been reported 
but they are likely correlative to the aphanitic fl ows 
visited in the Avon volcanic fi eld (STOP 1). Aphanitic 
fl ows composing this geographically expansive unit 
were likely effusive, erupting from multiple vents or 
fi ssures that are diffi cult to identify in the fi eld. 

Return to the vehicle and drive back out to the 
Highway 141. Turn right onto the highway and drive 
northwest passing Nevada Lake. 

36.4 to 43 Rocks north and south of the 
highway are Eo-Oligocene volcanic rocks resting 
unconformably on strata of the Belt Supergroup. 
These rocks are deformed by a system of steeply 
dipping strike-slip faults interpreted to have formed 
in a dextral shear zone (McDonald and others, this 
volume). 

a

b c

Ridgeline

EW

Tda

Tdap

Tda

Tdap

Tda

Tdabx

Figure 8. Field photographs from the eastern Garnet Range volcanic fi eld. a) View looking north of Strickland Creek of 
the contact between a succession of porphyritic dacitic lavas (Tdap) and overlying aphanitic fl ows (Tda). Solid white 
line shows contact; solid grey line outlines ridge; dashed white lines are form lines, some of which are coincident with 
the boundaries of individual lava fl ows; ball-and-sticks show the apparent dip of paleohorizontal (inferred). Note that 
lava fl ows appear to be tilted eastward. b) Field photograph of the massive interior of a porphyritic dacitic lava fl ow 
(Tdap). Rock hammer for scale. c) Field photograph of a aphanitic lava fl ow (Tda) with a rubbly base and coherent 
interior. Dashed black line shows approximate boundary between the basal autobreccia (Tdabx) and the fl ow foliated 
interior of the lava fl ow. Backpack for scale.
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43 to 51.3 Continue driving northward into the 
Nevada Valley towards the junction with Highway 
200. Tertiary sediments of the Climbing Arrow 
Member of the Renova Formation, and overlying 
Sixmile Creek Formation underlie most of the 
Nevada Valley with a few remnants of Cabbage 
Patch beds. Quaternary glacial deposits cover the 
Tertiary sediments in the northern part of the valley. 
A suspected active fault bounds the valley’s ENE 
margin, truncating the Snowslip, Helena, Empire, and 
Spokane Formations of the Belt Supergroup. 

51.3 Turn right onto Highway 200 and drive east 
towards Lincoln traveling along the scenic Blackfoot 
River. Exposures of the Spokane, Empire, Helena, 
and Snowslip Formations occur north and south of the 
highway. These units are generally tilted to the east 
and displaced by high-angle, oblique-slip faults. 

Continue driving east into the Lincoln Valley. The 
Lincoln Valley is mostly covered by Quaternary 
glacial outwash and till deposits obscuring the 
underlying geology. The trace of the St. Mary’s-
Helena Valley fault can clearly be seen along the 
northeastern margin of the Lincoln Valley. Continue 
driving east into the town of Lincoln.

67.1 Turn right onto Stemple Pass road at Lincoln’s 
only stoplight and proceed southward towards Stemple 
Pass. The road traverses more Quaternary glacial 
deposits before entering the Nevada Mountains. 
Metasedimentary rocks of the Helena (typically 
yellow weathered) and Empire (gray-green argillite) 
Formations can be seen north and south of the road 
along Poorman Creek once in the mountains. These 
units are generally tilted and offset by steeply dipping 
faults and locally intruded by Eocene granodiorite 
(Tgd), including that of the Silver Bell Stock.

73.0 Mined placer gold deposits along Poorman 
Creek. Placer gold was likely derived from epithermal 
mineralization hosted in the Eocene volcanic rocks. 
These deposits were only worked for ten seasons 
between 1904 and 1945 (Lyden, 1948). The most 
productive year was 1910 when a total of 36 troy 
ounces of gold were recovered. McClellan Creek, 
a tributary of Poorman Creek, was much more 
productive yielding $7,000,000 in gold between 1864 
and 1875. 

80.7 Roadcut of the Silver Bell Stock. The 
Silver Bell Stock is an equigranular to porphyritic 
granodiorite composed of plagioclase, orthoclase, 
quartz, biotite, and hornblende. A single K-Ar age of 
52.0 was reported for the Silver Bell Stock (Schmidt 
and others, 1994), but it is not clear where this sample 
was collected. Parker (1995) reported a K-Ar age of 
48.5 Ma for a smaller porphyritic intrusion cropping 
out near Crater Mountain that we tentatively correlate 
with the larger Silver Bell Stock. These intrusions 
were emplaced just prior to the initiation of volcanism 
in the Crater Mountain volcanic fi eld ca. ~48 Ma.  

81.9 Stemple Pass. Turn left onto U.S. Forest 
Service road #1827. Continue straight on the main 
road through all intersecting jeep roads. 

82.6 Turn left onto a small jeep road (#1825), drive 
1.5 miles to a fork in the road and stop. 

STOP 6 84.1 (46.919, -112.498): Crater 
  Mountain volcanic fi eld.

Park the vehicle near the fork in the road and 
begin walking along the west (left) fork of the road. 
Walk approximately 0.25 miles and then climb a small 
hill composed of porphyritic lava located immediately 
south (left) of the road. 

STOP 6.1 (46.9186, -112.503): Eocene 
  porphyritic lava fl ows, Crater 
  Mountain volcanic fi eld. 

Porphyritic fl ows (Tdap) are the oldest units 
exposed in the Crater Mountain volcanic fi eld and 
rest unconformably on metasedimentary rocks of the 
Belt Supergroup (fi g. 9). Porphyritic fl ows typically 
form subdued outcrops and platy talus slopes along 
ridges. Individual fl ows are separated by intervals of 
autobreccia several meters thick and local thin paleo-
sol intervals. Lava fl ows have a distinct porphyritic 
texture containing 20-30 percent white subhedral 
phenocrysts of plagioclase, 3-10 percent biotite books, 
and variable amounts of pyroxene and amphibole in a 
granular aphantitic groundmass. Intervals of moder-
ately to densely welded pumice lapilli tuff are locally 
intercalated with porphyritic lavas. Whole-rock geo-
chemical data show porphyritic lavas to be trachy-
dacite and trachyandesite (fi g. 4). Two U-Pb zircon 
ages of 47.41±0.22 and 48.07±0.18 Ma were obtained 
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from this unit. These lavas are remarkably similar but 
slightly older than porphyritic fl ows mapped in the 
eastern Garnet Range volcanic fi eld (46.16 to 47.5 Ma; 
STOP 4), but were likely emplaced during the same 
magmatic event. 

Begin ascending the relatively treeless south 
aspect of Crater Mountain, crossing the road and also 
a suspected fault juxtaposing porphyritic lava fl ows 
(Tdap) against aphanitic lava fl ows (Tda). Scattered 
outcrops of Tda occur on the south aspect of Crater 
Mountain. 

STOP 6.2 (46.9208, -112.505): Eocene  
  aphanitic lava fl ows, Crater 
  Mountain volcanic fi eld. 

A series of aphanitic to slightly porphyritic lava 
fl ows (Tda) overlie the porphyritic lavas (Tdap) and 
are remarkably similar to those in the Avon and Garnet 
Range complexes. Aphanitic lavas commonly weather 
dark gray to brownish gray and form prominent cliffs 
and hogback ridges with blocky talus slopes. Lava 
fl ows commonly exhibit columnar joints and platy 
fractures developed along closely spaced fl ow bands. 
Zones of autobreccia and thin, brick-red paleosol in-
tervals typically separate individual fl ows. Lava fl ows 
are mostly aphanitic, containing fl ow-aligned micro-
lites of plagioclase and minor augite. Porphyritic fl ows 
(7-20% phenocrysts) contain black, subhedral pheno-
crysts of amphibole up to seven millimeters long that 
are fl ow-aligned, giving the rock a distinct trachytic 
texture. Whole-rock geochemical data indicate these 
fl ows are dominantly trachydacite and trachyandesite 
(fi g. 4). No reliable age data have been obtained for 
this unit.

Porphyritic and aphanitic trachydacite and tra-
chyandesite lavas host epithermal precious metals in 
the Seven Up Pete mining district adjacent to Crater 
Mountain. The mineralization is characterized by si-
licifi cation, quartz veining, and associated argillic and 
propylitic alteration controlled by fault zones. Epither-
mal mineralization was likely associated with siliceous 
magmatism and emplacement of the overlying ash-
fl ow tuff deposits (Trt). 

Continue ascending to the summit ridge of Crater 
Mountain, crossing the contact between the aphanitic 
lavas (Tda) and rhyolitic ash-fl ow deposits (Trt).

STOP 6.3 (46.9241, -112.506): Eocene 
  rhyolite tuff, Crater Mountain 
  volcanic fi eld. 

The summit ridge of Crater Mountain offers com-
manding 360-degree views of the surrounding geol-
ogy. The hills and mountains immediately adjacent to 
Crater Mountain are underlain by tilted and faulted 
Mesoproterozoic rocks unconformably overlain by 
Eocene volcanic rocks and cut by Mesoproterozoic to 
Tertiary intrusions. The Helena Valley Fault, a region-
al strike-slip fault extending for over 100 km (Wal-
lace and others, 1990), can be seen to the southeast 
where it bounds the northeast margin of the Helena 
Valley. The fault crosses the mountains southwest of 
Crater Mountain and continues to the northwest where 
it bounds the northeast margin of the Lincoln Valley. 
The high peaks defi ning the Scapegoat Wilderness 
boundary can be seen in the distance to the northwest 
including Red Mountain that dominates the skyline. 
A large Quaternary landslide can be seen in the upper 
reaches of the Humbug Creek drainage to the west, 
immediately below the Crater Mountain summit ridge. 
The scarp of this landslide provides an excellent cross-

b

a

Tda

Stop 6.4

Trt

Surge deposits 
(Trt)

Welded tuff
(Trt)

Tdap

Figure 10. Field photographs from the Crater Mountain volcanic 
fi eld. a) Rhyolite ash-fl ow tuff (Trt) of Crater Mountain overlying 
aphanitic dacitic lava fl ows (Tda; STOP 6.4). b) Flow-foliated inte-
rior of a porphyritic dacite lava fl ow (Tdap). 
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sectional view of the rhyolite tuff underlying Crater 
Mountain. 

Pyroclastic rocks composing Crater Mountain 
were originally interpreted to be a exogeneous dome 
or plug (Melson, 1964). Parker (1995) later mapped 
these rocks as a rootless body of crystal-lithic, rhyo-
lite, lapilli tuff resting unconformably on dacitic 
lavas (Tda). The tuff of Crater Mountain is part of 
an extensive sheet of rhyolite ash-fl ow tuff deposits 
that form fl at-crested, steep-sided plateaus support-
ing stunted stands of Lodgepole pine. Ash-fl ow tuff 
deposits typically contain 10 to 30 percent subangular 
lithic fragments that are mostly derived from the Belt 
Supergroup, but also include porphyritic and apha-
nitic fragments from the underlying Eocene volcanics. 
Pumice lapilli compose 10-25 percent of the rock and 
typically occur as fi amme in zones of dense welding. 
Tuff deposits typically contain subequal amounts of 
subhedral, smokey-gray quartz phenocrysts and euhe-
dral sanidine phenocrysts. Quartz crystals are com-
monly broken and deeply embayed. Rare biotite books 
compose less than one percent of the rock. Ash-fl ow 
tuff deposits exhibit considerable local variation in the 
degree of welding. Unwelded ash and breccia intervals 
locally exhibit planar and low-angle cross-laminated 
beds and grading, and are interpreted to be pyroclastic 
surge deposits (Fisher and Schmincke, 1984; Cas and 
Wright, 1988; Parker, 1995). Devitrifi cation of ash-
fl ow deposits varies from incipient to complete, and 
locally abundant lithophysae are up 60 centimeters in 
diameter near the base of ash-fl ow deposits. Rhyolite 
ash-fl ow deposits do not contain major unconformi-
ties, air-fall deposits, or reworked bedded ash deposits, 
and therefore are considered to represent one, com-
pound cooling unit composed of multiple ash-fl ows 
emplaced in rapid succession. Whole-rock geochemi-
cal data confi rm a high-silica rhyolite composition for 
the ash-fl ow deposits (fi g. 4). U-Pb zircon ages span 
39.2 to 39.8 Ma, indicating the ash-fl ow deposits are 
slightly younger than rhyolite lava fl ows in the Avon 
volcanic fi eld (40.6-40.8 Ma), discounting zircon resi-
dence time in the magma chamber. 

The rhyolite ash-fl ow deposits are cut by a system 
of northeast-striking faults that dropped the fault block 
northwest of the Blackfoot River a minimum of 400 
meters (Parker, 1995). A 360+ meter thick sequence 
of volcaniclastic conglomerate, sandstone and fi ne-
grained sediments interbedded with a biotitic rhyolite 

tuff overlie the downthrown block. The older rhyo-
lite ash-fl ow deposits (Trt) host epithermal precious 
mineral deposits forming the McDonald gold deposit 
(Bartlett and others, 1998). 

Arcuate structures, dome complexes, or vent facies 
associated with a caldera-type volcanic setting are 
not readily identifi able in the Crater Mountain area; 
therefore, the source of the ash-fl ow deposits (Trt) is 
somewhat uncertain. These features may be buried by 
ash-fl ow and volcaniclastic deposits, and further ob-
scured by transtensive faulting and Quaternary glacial 
deposits. Extensive volcaniclastic deposits occurring 
north of the Blackfoot River are dominated by detritus 
derived from the older ash-fl ow tuff (Trt), and likely 
accumulated in a basin formed either by caldera-type 
subsidence and/or transtensive faulting. The develop-
ment of a geothermal system and associated miner-
alization (37-39 Ma; Bartlett and others, 1998) north 
of the Blackfoot River was closely tied to volcanism, 
possibly occurring along the margin of a caldera. 
Alternatively, the rhyolite tuff deposits in the Crater 
Mountain area could be outfl ow sheets sourced from a 
caldera in the Avon volcanic fi eld. 

Continue walking north along the Crater Mountain 
summit ridge examining welded and unwelded parts 
of the Crater Mountain tuff. Descend along the north-
west spur ridge crossing the contact with the underly-
ing aphanitic lavas. 

STOP 6.4 (46.9275, -112.514): overview of 
  the Crater Mountain tuff. 

Standing on the small knob of aphanitic lava (Tda) 
provides an excellent cross-sectional view of the Cra-
ter Mountain tuff. At least two zones of welded tuff 
(dark colored) delineated by weakly to unwelded tuff 
intervals (light colored) can be seen from this vantage 
point. The Crater Mountain tuff exhibits well-devel-
oped fl ow foliations that mirror the contact with the 
underlying dacitic lavas (Tda), and steepens towards 
the southern end of the Crater Mountain. Parker 
(1995) interpreted the steepening of the fl ow foliation 
to be rheomorphic, formed by slumping and shearing 
of the ash-fl ow against a paleovalley wall when it was 
still hot and plastic. 

Return to the vehicle by retracing the hike in, or by 
walking along the base of the ignimbrite and ascend-
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ing the southwest spur ridge of Crater Mountain. Drive 
back to Elliston by retracing the road log route, or by 
traveling east from Stemple Pass to Highway 279 and 
returning to Elliston via Helena. 

End Road Log

SUMMARY

Elliston’s Tertiary volcanic fi elds share a strikingly 
similar volcanic stratigraphy that can be grouped into 
an upper and lower series. The lower series consists of 
aphanitic and porphyritic lava fl ows (46.16 to 48.07 
Ma) of intermediate-composition with alkaline affi ni-
ties. The lava fl ows are intercalated with subordinate 
ash fl ow tuffs of similar composition and rhyolite lava 
fl ows. The upper volcanic series consists of volumi-
nous rhyolite lavas and ashfl ows (39.24 to 40.8 Ma) 
that were possibly erupted in caldera-type settings, and 
locally hosted epithermal mineralization. Rhyolitic 
sequences are locally overlain by Tertiary volcaniclas-
tic and sedimentary deposits intercalated with basaltic 
lavas (29.95 to 37.3 Ma) and rhyolite tuff (36.5 Ma). 
The fl are-up in Eocene magmatism was coeval with 
the development of the nearby Anaconda metamorphic 
core complex indicating volcanism in the Elliston re-
gion may have occurred in an extensional or transten-
sive tectonic setting. Volcanic deposits are tilted and 
displaced by a system oblique-slip faults bordering 
valley grabens. The grabens are interpreted to be pull-
apart structures that initiated in the Miocene and have 
remained active to the present. 
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INTRODUCTION

This road log is for a somewhat informal and sce-
nic geologic fi eld trip around and through the moun-
tains northwest of Lincoln, Montana (fi g. 1). The geol-
ogy of the area was published on the Dearborn River 
(Vuke, 2015) and Elliston (McDonald and others, in 
prep.) 30 x 60-minute quadrangles.

Highlights of the trip are the scenic views from 
Coopers Lake and along the Huckleberry 
Pass road, from near Kleinschmidt Flat 
on the northwest to Lincoln on the south-
east (fi g. 2). Bedrock along the route 
is the Helena, Spokane, and Greyson 
Formations of the Mesoproterozoic Belt 
Supergroup. Tertiary sedimentary rocks 
of the Renova Formation locally overlie 
the Belt rocks. The southeastern portion 
of the Rocky Mountain ice cap (Locke, 
1995) terminated near Lincoln and  most 
of the glacial deposits in the area formed 
during several advances and subsequent 
melts of large glaciers during the :Pleisto-
cene Bull Lake and Pinedale glaciations. 
Some of the mountains along the route 
were not glaciated during the last (Pine-
dale) glacial period that lasted from about 
22 to 15ka (Young and others, 2011). The 
distribution of the last-glacial ice and gla-
cial features are shown in Vineyard and 
others (this volume). 

ROAD LOG

Leave Elliston and travel west on 
MT-12 to Avon, MT. Log begins at the 
intersection of MT-141 at MT-12.

Mileage

0.0 Avon MT, travel north on MT-141. We will 
travel through the Avon Valley, a northwest trending 
valley underlain by the Tertiary Renova Formation. 
The surrounding mountain and low hills are underlain 
by Mesoproterozoic through Mesozoic sedimentary 
rock, Cretaceous intrusive rock, and Tertiary 
volcanics.

Figure 1. Location map of fi eld trip route.
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4.5 At 9:00 AM distinct rotational landslide in 
Tertiary Renova Formation of the Avon Valley. 

18.1 Nevada Lake on left

27.5 Turnoff to Helmville on left, continue north. 
Helmville is located in the Nevada Creek Valley, 
another intermontane valley underlain by Tertiary 
sedimentary and volcanic rocks. The mountains to the 
east are underlain by metasediments of the Ravalli 
and Piegan Groups of the Mesoproterozoic Belt 
Supergroup. 

32.5 Intersection with MT-200. Turn left (to 
northwest), watch for fast-moving traffi c. The steep 
slope directly ahead is underlain by the Spokane 

Formation (Ravalli Group).

35.2 Just past the left turn to Brown’s Lake, turn 
right (northeast) on Cooper’s Lake road. We are 
crossing ablation till of the McDermont Creek/North 
Fork of the Blackfoot glacier that extended ~3 miles 
southwest of here to beyond Browns Lake (fi g. 1). 
The terrain is classic kame and kettle topography, 
highlighted by NE-SW trending, sinuous eskers.

36.4 Crest of prominent esker formed in an ablation 
till deposit.

37.5 Road follows boundary between outwash 
surface of Kleinschmidt Flat and kame and kettle 
topography. The southeastern edge of Kleinschmidt 

Figure 2. Generalized geological map of the fi eld trip route (modifi ed from Vuke and others, 2007; Vuke, 2014).
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Flat is nearly straight and Vuke (2014) shows this 
boundary as a NE-trending lineament. We speculate 
that it may be a fault.

40.7 Note along this road, we have been traveling in 
an underfi t stream valley that developed upon incision 
of glacial outwash deposits on the southeastern edge 
of Kleinschmidt Flat, possibly in late-glacial or 
Holocene time.

41.8 Turn right to stay on main road

42.8 Turn right to stay on main road. The mountains 
straight ahead are the southern part of the Scapegoat 
Wilderness and are underlain by Belt Supergroup 
metasediments. The mountains are uplifted along the 
St. Marys-Helena Valley fault that parallels the range 
front (fi g. 2). The fault extends from the Ovando 
Valley east to the Helena Valley and is one of the 
principal faults along the eastern Lewis and Clark line 
shear zone (Reynolds, 1979; Reynolds and Brandt, 
2005; Wallace and others, 1990; Sears and others, 
2004). The St. Marys-Helena Valley fault marks the 
northern boundary of the Lewis and Clark line in 
this area and has Cenozoic strike-slip and normal 
movement. We will cross this fault several times 
during the fi eldtrip.

43.3 Turn left towards Coopers Lake

44.3 Pond to east is interpreted as a plunge pool at 
the base of a spillway over which glacial meltwater 
fl owed

45.4 STOP 1    

Rest stop and overlook of Coopers Lake from  
USFS Big Nelson Campground. Coopers Lake is 
a bedrock-bounded glacial lake along McDermott 
Creek. The Spokane Formation of the Belt Supergroup 
makes up the dam. Till was mapped near the camp-
ground and to the north (Vuke, 2014). We will discuss 
possible processes that formed the lake basin.

Back track along Coopers Lake road.

47.5 Turn left on Huckleberry Pass road and drive 
towards Lincoln, MT. We will be driving through 
till deposits from the Dry Creek glacier that merged 
with the glacier from McDermott Creek. The till 
overlies the Helena Formation. The Helena weathers a 

characteristic yellowish brown and is visible in several 
of the  road cuts along the route.

49.9 STOP 2

In this vicinity, we will stop at an overlook for 
nice views of Kleinschmidt Flat, the trace of the St. 
Marys-Helena Valley fault, and the southern end of 
the Scapegoat Wilderness. The St. Marys-Helena 
Valley fault is one of the major WNW trending faults 
of the Lewis and Clark Line-a complex zone of folds 
and fault that extends for about 800 km from western 
Idaho to west-central Montana.

51.2 Near top of lateral moraine in the Dry Creek 
glacier. Apparently Huckleberry Pass (to east) was not 
under ice in the most recent glaciation.

52.7 Grayish green argillite of the Mesoproterozoic 
Greyson Formation along the road. We have crossed 
into the footwall of the St. Marys-Helena Valley fault. 
The fault approximately parallels the road corridor 
(fi g. 2) and juxtaposes the Helena Formation against 
the Greyson Formation; the Spokane and Empire 
Formations are missing. Movement on the fault is both 
strike slip and dip slip. There are rare striations in the 
outcrops along the road that may be tectonic or glacial. 

53.9 Huckleberry Pass

55.6 STOP 3    

At switchback overlooking Arrastra Creek val-
ley. Till of the Arrastra Creek glacier overlies Helena 
Formation. The glacier fl owed over the Arrastra Creek 
drainage divide from the Rocky Mountain Ice Cap to 
the north. Outcrop of Helena Formation is visible on 
the south side of the valley.

57.3 STOP 4

Walk up to nice exposures of the Greyson For-
mation north of the road along Arrastra Creek. The 
Greyson is grayish green argillite and siltite that dips 
gently north. We are again in the footwall of the St. 
Marys-Helena Valley fault. 

58 STOP 5

Outcrops of the Helena Formation on the hanging 
wall of the St. Marys-Helena Valley fault. The Helena 
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Formation dips about 50 degrees into the fault, much 
steeper than the Greyson we observed at the previous 
stop.

58.4 Near Reservoir Lake

59.8 STOP 6

Outcrops of Tertiary Renova Formation, Beaver 
Creek beds. The Renova Formation is exposed in 
several locations in the Beaver Creek area. It consists 
of laminated marlstone, oil shale, carbonaceous shale, 
limestone, conglomerate, and tuff. There are plant, 
insect, fi sh, frog, and salamander fossils (Miller, 1980; 
Jacobson, 1975, Fisher, 1984). These locations are 
laagerstatten deposits with outstanding preservation of 
tissues. The beds are Oligocene in age and equivalent 
to the Climbing Arrow Member of the Renova Forma-
tion. In 1978, the U.S. Geological Survey investigated 
these beds as a potential lithium resource but the grade 
and volume was too low to be economic (Brenner-
Tourtelot and others, 1978). The beds at this location 
dip to the NE, into the St. Marys-Helena Valley fault.

63.7 Intersection with No. Beaver Creek road on 
left. We are traveling across till, likely due to ablation. 
A few lateral moraines were mapped to the east and 
west (Vineyard and others, this volume).

66.7 Smith Lake on right is a large kettle in the 
ablation moraine.

67.5 STOP 7

Pull off road near two-track road on left (south-
east). N. Beaver Creek road follows near a boundary 
of till (hummocky landscape on northwest) outwash 
plain, and recent alluvium. This area is near a reces-
sional moraine from the Beaver Creek glacier that 
overrode the Lincoln area and abutted the mountains 
to the south.

68 Intersection of MT-200 and North Beaver 
Creek road.

End of log
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STRATIGRAPHIC AND STRUCTURAL CONTROLS OF MASS WASTING DEPOSITS 
IN THE SOUTHERN GARNET RANGE, MONTANA: POST-CONFERENCE FIELD 
TRIP

Bruce E. Cox

Geologist /Consultant—Missoula, Montana

INTRODUCTION

Recent geologic mapping in the southern Garnet 
Range (Cox, 2014) revealed numerous mass wasting 
deposits not previously documented including several 
large Quaternary landslides and an extensive system 
of Tertiary debris fl ow lobes and aprons. Three large 
landslides (Qls) each covering greater than 20 acres 
and several adjacent or isolated smaller landslides and 
slumps occur on the Bearmouth Ranch and Weaver 
Ranch between Drummond and Bonner. Mapping sug-
gests that headwall detachment surfaces are aligned 
with a pattern of north and northwest-trending (shear) 
faults and fold axes directly north of the Bearmouth 
thrust.

Tertiary debris fl ow deposits (Tdf) are locally 
overlain by or conformable within Tertiary volcanic 
sequences. The Tdf surrounding Mount Baldy was 
deposited on incised topography underlain by the 
Amsden Formation and along rhyolite fl ow margins. 

It is speculated that larger segments of the Tdf may be 
dismembered parts of a debris fl ow complex that ex-
tended southward from the crest of the Garnet Range 
parallel to the trend of the Bearmouth volcanic fi eld. 
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ROAD LOG

The fi eld trip will begin at Bearmouth (fi g. 1). The 
trip will follow a counter-clockwise traverse (fi g. 2) 
starting across Proterozoic rocks in the hanging wall 

Figure 1. Field trip location map.
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of the Bearmouth thrust, then climbing westward 
through the Bearmouth volcanics and ending in folded 
Paleozoic / Mesozoic strata. 

MILEAGE

0.0 Turn off Interstate 90 at the Bearmouth Exit, 
set odometer to 0.0 and drive east on the Frontage 
Road following the Clark Fork River upstream (fi gs. 1 
and 2).

2.4 Mine adit at base of mountainside (on left) 
was operated by Lawrence Shawbut and produced a 
small amount of shipping ore including some native 
copper. The adit was driven across one or more strands 
of the Bearmouth thrust (adit shown on fi g. 4, which 
precedes fi g. 3 in text at author’s request).

4.5 STOP 1    Tdf within Bearmouth 
                  volcanics (fi g. 3)

Park on the right shoulder and cross highway to 
the spur road which climbs to a private quarry in felsic 
tuff. The spur road cut exposes a debris fl ow which 
contains abundant cobbles of granodiorite for which 
there is no directly adjacent bedrock source. The 
debris fl ow is underlain by felsic tuff and overlain by 
basalt (fi g. 5). Together these features suggest the de-
bris fl ow may be a remnant of an extensive system of 
Tertiary deposits eroded from granitic terrain several 
mines to the north.

4.9 STOP 2    Debris fl ows in highway 
         through-cut

Park on right shoulder at west end of through-cut 
and examine Tdf and deposit geometry with respect to 

Figure 2. Map showing land ownership, fi eld trip route, and stops in the Bearmouth area, Granite County, Montana. Numbered dia-
monds are fi eld trip stops. Blue is State land, yellow is BLM, and white is privately owned land.
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the lahar and basaltic andesite fl ows.

5.9 Turn left (north) onto Bear Gulch Road. The 
road is built on gold dredge tailings for several miles 
between the gulch’s mouth and the Garnet ghost town 
at the crest of the Garnet Range.

6.7 STOP 3    Bear Gulch gold dredge 
         tailings 

Park on road shoulder.

Lithologies represented in tailings cobbles include: 
Proterozoic metasediments, Paleozoic sediments, 
Tertiary (?) granodioritic intrusives and Tertiary vol-
canics. Clusters of angular, mono-lithic cobbles and 
boulders indicate areas where the dredge digging lad-
der had reached deep enough to excavate bedrock. The 
dredge operated between 1936 and 1941 and recov-
ered 13,996 ounces of fi ne gold (Lyden, 1987).

Return to vehicles, retrace the traverse 0.2 miles 
south and turn right off Bear Gulch Road onto Camp 
Bearmouth Road.

0.0 Reset mileage to 0.0 at the green gate. The 
road traverse between here and Stop 4 is underlain by 
fl aggy grey-brown basaltic andesite and tan–to-pink 
rhyolite of the Tertiary Bearmouth volcanics.

0.8 Paved, 5-point intersection. Turn hard right 
(east) on graveled spur road.

1.5 STOP 4    Quaternary landslide and 
         Tertiary lamproite intrusive

The Bear Gulch landslide occupies approximately 
25 acres in the NW ¼ of Section 10 (fi g. 3). The rock 
mass is entirely rhyolite which broke from a steep 
(faulted?) NW-trending slope and slid northeastward 
into and possibly across the Paleozoic limestone and 
dolomite cliffs which fl ank Bear Gulch. The hum-
mocky surface in the core of the landslide contains 
large angular boulders, no soil, and supports few large 
trees; all suggesting the landform may be less than a 
few hundred years old.

Outcrops of a funnel-shaped lamproite intrusion 
are reached by a short walk northward from the spur 
road switchback. The lamproite has been the target 

of diamond exploration programs since the 1980s. 
Irving and Kuehner (1998) report that border zone 
and interior micas yielded 40Ar / 39Ar ages of 48.±0.1 
and 48.4±0.1 Ma, respectively. The intrusion may be 
controlled by northwest-trending faults and folds that 
defi ne the northeast margin of the Bearmouth volcanic 
fi eld.

Return to vehicles and continue along the spur 
road (now trending southward). Shallow roadcuts ex-
pose rhyolite and a few outcrops of columnar basalt.  

2.1 Rejoin main road, continue straight. The 
next three miles skirt the southwest margin of the 
Bearmouth volcanic fi eld which overlays tightly 
folded Paleozoic and Mesozoic strata in the footwall 
of the Bearmouth thrust.

4.0 View to west of landslide and debris fl ow 
complex on east fl ank of Mount Baldy.

4.2 Cattle guard. Fenced area on the left is 
intended to re-establish aspen and other forage for a 
growing elk population.

4.6 Spur road on right; continue on main track 
which curves left around basalt knob.

4.65 Turn right and cross the North Fork of Little 
Bear Creek. Road climbs along the axis of a debris 
fl ow lobe for the next mile (fi g. 4).

5.0 STOP 5    Debris fl ow overlain by 
         rhyolite tuff

Lateral lobe of Tdf is overlain by a lithic tuff; both 
are fl anked on the south by outcrop and talus of Quad-
rant Formation quartzite (Pq). 

5.5 STOP 6    Debris fl ow, medial lobe 
         (at road switchback)

Tdf here contains cobbles and boulders of brightly 
colored siliceous breccia. Note the character of this 
material for comparison with the jasperoid at Stop 9.

6.7 STOP 7    Flank of landslide on south
         east face of Mount Baldy

The steep slope to the northwest is a probable 
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Figure 4. Generalized geologic map of the Mount Baldy area (adjoins Figure 2). Yu = upper Proterozoic sedimentary rock; Pz/Mz = 
Paleozoic and Mesozoic sedimentary rock, undivided: Tvu = Bearmouth volcanics, undivided; Tdf = debris fl ow deposit; Qls = landslide. 
Lineaments shown in blue; fold axes shown in black. Mapping is modifi ed from Kauffman (1963) and Griffi n (1989).
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Figure 3. Generalized geologic map of the lower Bear Gulch – Clark Fork River area. Tvu = Bearmouth volcanics, undi-
vided; Tab = andesitic basalt; Tvl = lamproite intrusive; Qls = landslide. Mapping is modifi ed from Kauffman (1963).
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dipslope in the Madison limestone and suspect mass 
wasting detachment surface. Structural control at the 
head of this detachment is indicated by NNW-trending 
topographic lineaments that align with a rib of varicol-
ored siliceous breccia along the north-plunging nose 
of Mount Baldy.

6.8 Turn left and head downhill (south) on spur 
road.

7.0 STOP 8    Grizzly Cabin

Park here and walk eastward for views of the Tdf 
channels and to examine roadcuts through debris fl ow 
lobes. Mapped bedrock stratigraphy and local reddish 
soil in Tdf suggest debris fl ows locally exploited older 
channels eroded into Amsdsen Formation between 
more resistant strata of the Madison limestone and 
Quadrant quartzite.  

Return to vehicles and retrace traverse to main 
road (rejoin main road at mileage 7.2). Road climbs 
westward through Tdf complex and onto the south 
fl ank of Mount Baldy; knobs to the south are underlain 

by Quadrant quartzite.

8.4 Turn right (north) on faint spur road to Mount 
Baldy summit.

8.6 Summit Chalet.

9.0 STOP 9    Baldy Park and paleolithic 
         tool site

This site was fi rst described in a master’s thesis by 
Flint (1977). The artifacts she recorded were quar-
ried here and probably at other sites on or near Mount 
Baldy where the jasperoid is suitable for toolmaking. 
The original indian name for the Clark Fork River was 
the “Arrowstone”, probably so-named for its proxim-
ity to this quarry and the paleolithic quarries in the 
Flint Creek valley (Rich and others, 1950).

End of fi eld trip. Return to Frontage Road via the 
same route.

Figure 5. Photograph of spur road cut face at Stop 1. Tvt = pumiceous tuff; Tdf = debris fl ow; Tvb = basalt.
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