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INTRODUCTION 
 

The Mount Thompson 7.5′ quadrangle lies within the northeastern part of the Late 
Cretaceous Boulder batholith, where co-magmatic and calc-alkaline (Rutland et al., 1989) 
Elkhorn Mountains Volcanics (EMV) occur as one large (~65 km2), and a few small (commonly 
≤1.5 km2) roof pendants (Fig. 1). An Eocene vent complex for the Lowland Creek Volcanics 
(LCV) (Smedes, 1962), a rhyolite ignimbrite of the Eocene-Oligocene (?) Avon Volcanics (see 
Mosolf, 2015), and Quaternary glacial gravels, till, landslides and alluvium also occur in the 
quadrangle. The area contains several historic Pb-Zn-Ag and Au-Ag mines. The largest 
production is from Late Cretaceous veins that occupy shear zones that cut the Boulder batholith 
and EMV. Eocene Au-Ag mineralization is disseminated and occurs associated with mineralized 
veins that exploited diatreme breccias related to the LCV vent complex at the Montana Tunnels 
open-pit mine. The area has moderate relief and includes the high-elevation Occidental Plateau 
of mixed grasslands and forest located at 7600 ft (2300 m) elevation in the northwest portion of 
the quadrangle, and to the south, forested ridges and canyons flanking the Boulder River at 
elevations as low as 5000 ft (1500 m). 
 
PREVIOUS MAPPING 
 
 Brecraft et al. (1963) mapped the Jefferson City 15′ quadrangle at 1:48,000 scale and the 
Mount Thompson 7.5′ quadrangle occupies the SW ¼ of this map. Brecraft et al. (1963) 
described plutons of the Boulder batholith, mapped quartz and chalcedony veins and shear zones 
that host Late Cretaceous Ag-Pb-Zn mineralization, and examined the stratigraphy and structure 
of the EMV and LCV sequences. Sillitoe et al. (1985) described the nature of Eocene Au-Ag 
mineralization at the Montana Tunnels mine and described the host LCV diatreme breccia. The 
present study involved four man-months of fieldwork, and focused on refining stratigraphic and 
structural relationships in the EMV, and the LCV vent complex, in light of new petrographic, 
geochemical, geochronology, and hydrothermal vein studies. 
 
GEOLOGIC SUMMARY 
 
Late Cretaceous Elkhorn Mountains Volcanics 
 

The EMV form a large roof pendant over Butte granite, the primary pluton by volume of 
the Boulder batholith. The roof pendant is exposed in the northern part of the Mount Thompson 
7.5′ quadrangle and extends into neighboring quadrangles to the north and east (Fig. 1). The 
EMV includes Middle Member ignimbrites and Upper Member volcaniclastic sedimentary rocks 
that are approximately 360 m, and at least 180 m thick, respectively. A previous 40Ar/39Ar age of 
an upper Middle Member ignimbrite in the Ratio Mountain 7.5′ quadrangle (Fig. 1) yielded an 
age of 83.7 Ma (Olson et al., 2016). In the Mount Thompson 7.5′ quadrangle, the Middle 
Member ignimbrites and Upper Member sandstones are confined in age by crosscutting granite 
porphyry intrusions that yield a U-Pb zircon age of 83.2 ± 1.9 Ma (Fig. 2).  

In the Mount Thompson 7.5′ quadrangle, Middle Member EMV consists of crystal-rich, 
fiammé-poor dacitic ignimbrite (Kem1) and crystal-poor, fiammé-rich rhyolitic ignimbrite 
(Kem2; Fig. 5A). Both ignimbrites are in contact with Butte granite locally, and three small (0.25 
– 4.8 km2) roof pendants of dominantly unit Kem2 crop out along A-A′ and on the western edge 



of the quadrangle. The ignimbrites are characterized by eutaxitic texture with compaction 
foliation generally dipping to the east or southeast. The southern margin of the primary roof 
pendant is gently folded. Glass in the ignimbrites has been coarsely recrystallized to plagioclase, 
alkali feldspar, and quartz due to contact metamorphism during emplacement of Butte granite 
pluton. Metamorphic biotite occurs throughout the thickness of the ignimbrites. The lower 
dacitic ignimbrite is reversely zoned and varies in thickness due to an irregular intrusive contact 
with the Butte granite and reaches a maximum thickness of approximately 180 m. The upper 
rhyolite ignimbrite is normally zoned unlike all the rhyolitic ignimbrites mapped in the Ratio 
Mountain 7.5′ and Boulder East 7.5′ quadrangles (Fig. 1) (Olson et al., 2016; Scarberry et al., 
2017) and has a relatively uniform thickness of approximately 180 m. Both ignimbrites are 
locally rheomorphically deformed with steeply dipping foliations in exposures east of the Comet 
ghost town and immediately south of the LCV vent complex, which suggests the presence of 
paleotopography prior to their emplacement. Collectively, the ignimbrites are moderately to 
strongly welded, contain modest to moderate fiammé, and contain mafic minerals that have been 
partially to completely altered to mixtures of chlorite, biotite, local actinolite, local epidote, 
hematite, and titanium oxides. Primary phenocrysts include plagioclase, biotite, pyroxene, 
amphibole, and trace oxides in the lower dacitic ignimbrite (Kem1), but the mafic mineral 
assemblage in the upper rhyolitic ignimbrite (Kem2) is poorly preserved with the exception of 
some primary biotite. 
 The Upper Member EMV overlies Middle Member ignimbrites and both sequences are in 
turn unconformably overlain by Eocene-Oligocene (?) volcanics. The EMV Upper Member has a 
minimum thickness of 180 m in the quadrangle. The Upper Member consists predominantly of 
massive to planar, thinly bedded and poorly- to moderately-sorted andesitic to dacitic 
volcaniclastic sandstones and siltstones (Fig. 5B) with relatively thin (<10 m) discontinuous lava 
flows and ignimbrites locally (unit Keut). One lenticular-shaped 10 – 60 m thick fiammé-rich, 
crystal-poor rhyolite ignimbrite intercalated with sandstones (Loc. 7) was analyzed for 
geochemistry. This sequence is slightly more enriched in HFSEs and REEs (Fig. 3B) compared 
to the Kem2 rhyolite ignimbrite from the Middle Member, but is otherwise similar in bulk 
composition.  

Middle and Upper Member EMV in the Mount Thompson 7.5′ quadrangle are high in 
alkalis (K and Na) and are metaluminous and calc-alkaline in composition, similar to exposures 
of these sequences in the Ratio Mountain (Olson et al., 2016) and Boulder East (Scarberry et al., 
2017) 7.5′ quadrangles (Fig. 3C). Like in the Ratio Mountain and Boulder East quadrangles, 
these volcanic rocks are relatively enriched in large ion-lithophile elements (K, Rb, Sr, Cs, Ba, 
Rb) and Pb, which likely reflects assimilation of crustal rocks enriched in these elements. The 
Kem1 ignimbrite has a characteristically neutral Eu anomaly whereas the Kem2 ignimbrite has a 
moderate negative Eu anomaly, more similar to the Upper Member sandstones and ignimbrites 
(Fig. 3A). Both the Middle Member ignimbrites are unlikely correlative with ignimbrites 
described in the Ratio Mountain 7.5′ quadrangle (Olson et al., 2016) based on differences in 
compositional zoning and trace element geochemistry. Furthermore, it is unclear how well the 
ignimbrites and sedimentary rocks in the Mount Thompson quadrangle correlate with EMV 
ignimbrites located further northeast, and east of the quadrangle that have yielded younger U-Pb 
zircon ages of approximately 82 Ma to 76 Ma (Ihinger et al., 2011). Ignimbrites younger than 
those described in the Mount Thompson 7.5′ quadrangle would necessarily be located higher in 
the stratigraphic section.  
 



 
Late Cretaceous plutons of the Boulder batholith 

 
In the Mount Thompson 7.5′ quadrangle, the Boulder batholith consists of older 

porphyritic granite satellite intrusions hosted by EMV roof pendants and younger Butte granite, 
alaskite, and aplite intrusions. A U-Pb zircon age determined by SHRIMP-RG for an older 
granite porphyry plug that crosscuts unit Keus near the Mount Washington mine (Loc. 8) yielded 
one of the oldest known ages for satellite intrusions related to the Boulder batholith (83.2 ± 1.9 
Ma; Fig. 2B).  

The main body of the Butte pluton consists of medium- to coarse-grained biotite-
hornblende granite. Brecraft et al. (1963) differentiated Fe-Ox-stained granite from unaltered 
medium and fine-grained granite, which are grouped together in this compilation. A few satellite 
stocks of Butte granite occur in EMV roof pendants. The mapped extent of aplite and alaskite 
dikes is adopted from Brecraft et al. (1963).  
 
Eocene Lowland Creek Volcanics 
 
 The LCV erupted between approximately 49 Ma to 53 Ma (Dudás et al., 2010) and 
unconformably overlie Late Cretaceous rocks of the Boulder batholith and EMV regionally. The 
LCV are up to 1 km thick regionally. The volcanic pile consists of dacite lava flows, pyroclastic 
breccias, domes, and two regionally extensive rhyolite ignimbrites.  Known LCV pyroclastic 
vents include the Big Butte vent complex located in Butte, Montana (Smedes, 1962; Proffett et 
al., 1982; Dresser, 2000; Dudás et al., 2010; Houston and Dilles, 2013; Scarberry et al., 2015), 
and an associated diatreme at the Montana Tunnels mine (Sillitoe et al., 1985).  

New mapping in the Mount Thompson 7.5′ quadrangle suggests that the Montana 
Tunnels diatreme (1 km2; Sillitoe et al., 1985) may be a late-stage feature of a larger (≥11 km2) 
pyroclastic vent complex, which is larger than the ~6 km2 northwest-elongate vent complex 
preserved at Big Butte that trends towards Bull Run Creek (Houston and Dilles, 2013). We 
herein refer to the vent complex in the Mount Thompson 7.5′ quadrangle as the “Spring Gulch 
vent complex” because Spring Gulch occurs along the northern boundary of the vent within the 
Mount Thompson quadrangle (see map). Comet Creek similarly lies along the southern boundary 
of the vent. New 40Ar/39Ar age determinations of early intracaldera dacitic tuffs and crosscutting 
late dacitic dikes indicate that the Spring Gulch vent complex formed at approximately 51.9 Ma 
(Fig. 2A), and suggests that the vent complex formed relatively rapidly. The ages from the 
Mount Thompson 7.5′ quadrangle overlap within analytical uncertainty of the age of the LCV 
Upper Tuff and rhyodacite intrusive rocks at the Big Butte vent complex (Dudás et al., 2010). 
The Big Butte vent complex and Springs Gulch vent complex are ~50 km apart, and although the 
Upper Tuff at the Big Butte vent complex and the intracaldera tuffs (unit Tltd) at the Spring 
Gultch vent complex are likely sourced from their respective vents, they are coeval and share 
similar geochemical compositions. In Fig. 2A, sample 00-24 (Upper Tuff) from Dudás et al. 
(2010) may alternatively be related to the pyroclastic rocks in the Mount Thompson 7.5′ 
quadrangle because it lies roughly equidistant between the recognized LCV pyroclastic vents at 
Big Butte and Spring Gulch.  
 In the Mount Thompson 7.5′ quadrangle, the ~11 km2 Spring Gulch vent complex is 
elongated from southwest to northeast for at least 6 km and is ≤2.25 km in width. The vent 
complex continues along strike for another ~1.8 km into the adjacent Chessman Reservoir, 



Jefferson City, and Wickes 7.5′ quadrangles. The Spring Gulch vent complex is hosted in the 
main 65 km2 roof pendant of the Late Cretaceous EMV. Here, clasts of Butte granite and EMV 
are commonly entrained in Eocene LCV pyroclastic rocks; particularly the diatreme (unit Tldb) 
at the Montana Tunnels mine. Dacitic intrcaldera tuffs and air-fall deposits (unit Tltd; Loc. 9, 10, 
11) along the margins of the Spring Gulch vent complex are in excess of 60 m thick and locally 
cap pyroclastic rocks (unit Tlpr) in the central portion of the vent complex. Intracaldera tuffs 
occur on the margins of the vent and are lithic-rich with abundant fiammé near the base, and 
lithic- and fiammé-poor higher in the section. Locally, measured compaction foliations from the 
LCV tuffs define synclinal features that suggest vent collapse during the waning stages of the 
eruption. The walls of the vent are steeply dipping, cut across topography at a high angle, and 
flare outwards locally, where large blocks of EMV are down-dropped, or perched, on the vent 
margin and rotated inward towards the vent. On the north wall of the pit at Montana Tunnels 
(Loc. 10), the intracaldera tuffs are particularly lithic-rich, and compositionally depleted of 
HREEs similar to some late dacite dikes (unit Tlib; Loc. 15) that contain trace garnet of 
uncertain origin. The intracaldera tuffs appear to be intruded locally by early dacite dikes of a 
similar composition (Loc. 12). Late fissure-like bodies of pyroclastic rocks also crosscut the 
overlying intracaldera tuffs along shared contacts, particularly along the southwest vent margin.  

The bulk of the central portion of the vent complex is composed of rhyolitic pyroclastic 
rocks (unit Tlpr) that are crystal-rich and strongly winnowed of ash or glass, where any remnant 
glass has been completely devitrified, and lithics (usually <2 cm) are rare. These pyroclastic 
rocks have a large abundance of subhedral or broken quartz and plagioclase crystals, and 
deformed biotite in an ash-poor, crystal-rich matrix (Fig. 5L). The matrix is comprised of finer 
broken crystal fragments, and lesser rock fragments. Dacitic airfall deposits (unit Tltd) cap the 
pyroclastic vent rocks (unit Tlpr) locally. The pyroclastic rocks (units Tlpr, Tlpx, Tldb) are 
geochemically evolved relative to the associated dacitic counterparts (units Tltd, Tldi, Tlib, Tlih) 
(Fig. 3), probably due to a matrix that has been strongly winnowed away during eruption.  

The rhyolitic pyroclastic rocks are subdivided into two subunits: Tlpx and Tldb. Tlpx 
occurs on the vent margins and is characterized by strongly indurated and prominent outcrops 
(Fig. 5I-J). The sequence is also characterized by rip-up clasts of primarily dacitic units (Tldi and 
Tltd). Unit Tldb correlates with the diatreme breccia of Sillitoe et al. (1985) at the Montana 
Tunnels mine. Tldb is matrix-supported with a steeply dipping and aligned flow fabric, and up to 
30% polylithic clasts that range in size from <1 cm to 1 m in length. The diatreme exhibits 
steeply dipping walls that crosscut unit Keus on its western margin, a lithic-rich variant of unit 
Tltd on its northern margin, and likely units Tlpr or Tlpx on its southern and eastern margins 
(described as a crystal-rich tuff by Sillitoe et al., 1985). Late-stage dacitic hypabyssal dikes 
crosscut the early dacitic intracaldera tuffs, the rhyolitic pyroclastic rocks, and the diatreme 
breccia. 
 
Eocene-Oligocene (?) Avon Volcanics  
 
 A ~10 m thick rhyolitic ignimbrite occurs in the middle of the Mount Thompson 7.5′ 
quadrangle (Loc. 17) where it unconformably overlies Upper Member EMV deposits. The 
rhyolite ignimbrite is compositionally like ignimbrites found approximately 35 km northwest in 
the Avon 7.5′ quadrangle (Trombetta and Berg, 2012; Mosolf, 2015), and like those mapped by 
Brecraft et al. (1963) approximately 9 km north in the Chessman Reservoir 7.5′ quadrangle at 
Red Mountain. Mosolf (2015) reported a U-Pb zircon age of 40.8 ± 0.17 Ma for rhyolite tuff in 



the Avon 7.5′ quadrangle, and ages that span as young as ~30.0 Ma for basaltic andesite volcanic 
rocks in the Gravely Mountain 7.5′ quadrangle northwest of Avon and Elliston.  

The ignimbrite in the Mount Thompson 7.5′ quadrangle has elevated HREE compositions 
and large negative Eu anomalies (Fig. 3A). The ignimbrite, like those described in the Avon 7.5′ 
quadrangle, is highly differentiated, depleted in most compatible trace elements and LILE 
(particularly those enriched in plagioclase and alkali feldspar), and is strongly enriched in some 
HFSE such as Y, Nb, and Ta, and some incompatible elements such as Rb, U, and Th (Fig. 3B).  
 
Structure, Veins, and Mineralization 
 
 The EMV and Boulder Batholith formed in the late Cretaceous during the waning stages 
of Mesozoic Cordilleran arc magmatism, and concurrent with fold and thrust belt deformation in 
western Montana (Tilling and others, 1968; Rutland and others, 1989). Granite porphyry 
intrusions (Kgp) formed in the Mount Thompson 7.5′ quadrangle at approximately 81Ma to 83 
Ma, or about 5 Ma to 7 Ma earlier than emplacement of the Butte pluton (Kbg) at around 76 Ma 
(Fig. 2). Molycorp discovered low-grade porphyry Cu-Mo mineralization in the northwestern 
map corner immediately north of the Mount Washington mine (Sillitoe et al., 1985), and where 
the older granite porphyry intrusions (Kgp) are clustered (see map). These observations suggest 
that the older granite porphyry intrusions (Kgp) may have produced Cu-Mo mineralization in the 
quadrangle. Hydrothermal muscovite from Pb-Zn-Ag veins formed shortly after emplacement of 
the Butte Granite (Fig. 2).  

High-angle oblique reverse faults crosscut the Butte granite and EMV with minimal 
offsets in the southeast corner of the Mount Thompson 7.5′ quadrangle (see map). These 
structures host aplite dikes, high-temperature quartz –sulfide ± tourmaline veins (Fig. 5F), 
sulfide-poor low-temperature vuggy quartz, chalcedony, and minor carbonate veins (Fig. 5D), 
and multiple episodes of hydrothermal breccias (Fig. 5E). Quartz-chalcedony±carbonate veins 
and hydrothermal breccia forms prominent silica rib outcrops along the high-angle structures. 
Stereonet plots of poles-to-planes of both quartz veins and silica ribs (Fig. 4) reveal a primarily 
east-west trend for late Cretaceous mineral vein orientations (Fig. 4). The quartz veins are 
typically associated with Pb-Zn-Ag mineralization and are characterized by local tourmaline-
bearing veins and hydrothermal breccia zones, which transition to quartz-sulfide veins and 
breccia that contains pyrite, sphalerite, galena, and traces of chalcopyrite or arsenopyrite. Low-
temperature quartz-chalcedony-carbonate veins are locally associated with low-grade uranium 
mineralization in the southern portion of the quadrangle (e.g., Free Enterprise Radon Health 
mine).  

The Eocene LCV erupted from a northeast-southwest trending corridor during the onset 
of regional normal faulting, extension, and core-complex formation (Constenius, 1996; Dudás et 
al., 2010). LCV diatreme breccia (Tldb) contains Au-Ag-Pb-Zn mineralization at the Montana 
Tunnels mine, where the mineral deposits form sericitically-altered stock work veins and are 
disseminated in the diatreme breccia (Tldb) (Sillitoe et al., 1985).  
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Figure 4. Equal-area, lower-hemisphere stereonet projections of 
poles-to-planes for quartz veins and quartz-chalcedony ribs in the 
Mount Thompson quadrangle. All poles are Kamb-contoured using 
a contour interval of 2σ and a counting area of 1.9% of the net area.



Figure 5. Field photos and photomicrographs from the Mount Thompson quadrangle. A) Middle 
Member ignimbrite (Kem2) of the Elkhorn Mountain Volcanics (Loc. 03); B) normally-graded 
laminar beds of sandstone and siltstone (unit Keus); C) granite porphyry (unit Kgp) that 
cross-cuts unit Keus (Loc. 05); D and E) prominent quartz vein outcrop and associated hydro-
thermal breccia hosted in the Butte granite; F) tourmaline-quartz-albite-pyrite altered host rock 
from the Bluebird-Pen Yan mine; G) intracaldera tuffs of the Lowland Creek vent complex 
located on the north wall of the Montana Tunnels pit (Loc. 10); H) diatreme breccia; I and J) 
indurated pyroclastic breccias (unit Tlpx) forming prominent outcrops; K) fissure-like bodies of 
pyroclastic rocks (unit Tltr) that crosscut dacitic intracaldera tuffs (unit Tltd), L) photomicro-
graphs of rhyolitic pyroclastic rocks (unit Tlpr) that are poorly indurated, crystal-rich and 
winnowed of matrix (see inset); and M) prominent outcrops of late dacitic hypabyssal dikes 
(units Tlib, Tlih) that crosscut the poorly-outcropping pyroclastic rocks (unit Tlpr). 
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Elkhorn Mountain Volcanics: Lower Member EMV: Upper Member

Table 1. Major and trace element compositions of igneous rocks from the Mount Thompson quadrangle. 

Analyses by XRF at the Geoanalytical Laboratory at Washington State University, 2017, unnormalized. * indicates the sample is located 250 m north of the edge of the quadrangle. 
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Grndio Ppy Lowland Creek Volcanics Vent Complex Avon Volc.
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Tldb Diatreme breccia exposed at the Montana Tunnels open-pit mine. This diatreme has been interpreted to 
be phreatomagmatic breccia based on recognition of a juvenile matrix to the breccia, incorporation of 
juvenile rhyolite porphyry and dacite porphyry into the breccia and locally crosscutting the breccia, a 
high matrix to fragment ratio, and the occurrence of subsided blocks of pyroclastic base surge deposits 
within the breccia (Sillitoe et al., 1985). The diatreme includes heterolithic subanglular to well-rounded 
clasts (up to ~30 vol. percent) of Elkhorn Mountain Volcanic sandstones (Keus), Butte Granite (Kbg), 
lithic-rich dacite tuffs (Tltd), crystal-rich rhyolitic pyroclastic rocks (Tlpr), and dacitic to rhyolitic 
porphyries (Tlib, Tlri) that range in size from large blocks near the margins to most commonly <20 cm 
clasts towards the interior. The diatreme is matrix supported with a coarse “sandy” crystal-rich matrix of 
broken angular quartz and feldspar crystals, biotite, and rock fragments (all 0.25–1 mm; ~50–70 vol. 
percent), and lesser rock flour and carbonate cement (~10–20 vol. percent). On the southern pit wall, a 
subvertical flow fabric of the diatreme is observed. Primary biotite in clasts and the matrix has been 
altered nearly completely to chlorite, sericite, or coarse muscovite (~0.5 mm). Muscovite, sericite, and 
illite also completely replace plagioclase in clasts and matrix where hydrothermally altered. Fine 1–2 
mm quartz-pyrite-galena veins are observed with 1–2 mm muscovite replacing whole clasts, biotite, and 
feldspar crystals in the vein selvage. Pyrite (0.25–1 mm) also occurs disseminated in the vein selvages. 
Late calcite veins crosscut the quartz veins locally. Lastly, veined clasts with disseminated sulfides occur 
within the breccia, and sulfides also occur disseminated within the matrix suggesting episodic 
brecciation accompanying mineralizaiton (Sillitoe et al., 1985). 

Tlpx Gray strongly indurated rhyolite pyroclastic rocks similar in composition to Tlpr. These breccias locally 
form prominent outcrops (Fig. 5c, Loc. 14) compared to Tlpr. Contains abundant (20–40 vol. percent) 
angular fragments of predominantly Tltd and Tldi, and lesser Kbg, Kem1, Kem2, and Keus. This unit is 
found as narrow zones 1 to 30 m wide near the contact of Tltd along the southern vent margins. The 
overall chemical composition and characteristics of the matrix is similar to that of Tlpr. The matrix is 
crystal-rich with 20–30 vol. percent angular quartz (0.5–2 mm), 40–50 vol. percent subhedral to broken 
angular fragments of plagioclase (0.5–3 mm), 1–2 vol. percent biotite (0.5 mm), and 20–30 vol. percent 
microcrystalline biotite, quartz and clay after vapor-phase altered glass. 

Tlpr Poorly-consolidated and poorly out-cropping, white to pinkish-white crystal-rich rhyolitic pyroclastic 
rocks with rare lithic fragments (<1 cm) (Fig. 5j-l). Primary glass has been winnowed away and remnant 
glass has been vapor-phase altered. Occurs primarily as massive bodies or locally as fissure-like bodies 
with a weak subvertical flow fabric. This is the primary lithology of the vent complex. The matrix is 
crystal-rich with 20–25 vol. percent anglular quartz (0.5–2 mm), 40–50 vol. percent subhedral to broken 
angular fragments of plagioclase and anorthoclase (0.5–3 mm), 2–3 vol. percent biotite (0.5 mm), and 
10–20 vol. percent microcrystalline biotite, quartz and clay after vapor-phase altered glass. 

Tldi Dark grey unaltered crystal-rich (60–65 vol. percent) hypocrystalline dacite dike or block hosted within 
unit Tltd (Loc. 12). Includes clasts of equigranular granite (possibly the Butte granite; <1 vol. percent) 
and a chlorite-altered biotite-hornblende-plagioclase-orthopyroxene-clinopyroxene unit (possibly a 
cumulate rock; 1–2 vol. percent). Primary phenocrysts are euhedral and preferentially aligned. The 
phenocrysts include plagioclase (30 vol. percent; 0.5–2 mm), biotite (20 vol. percent; <0.5 mm), 
amphibole (3–5 vol. percent; <1 mm), quartz (≤0.5 vol. percent; <1 mm), and trace apatite <0.5 mm. 
Primary plagioclase is normally zoned and primary amphiboles have zoned rims. A subordinate 
population of plagioclase contains sieved and resorbed textures, and a subordinate population of 
amphibole is chlorite-altered suggesting both likely originate from the altered xenoliths. Quartz is also 
strongly resorbed suggesting it may be a xenocrystic phase. 

Tltd Reddish-brown to tan welded crystal-rich dacite intracaldera tuffs and airfall deposits. These tuffs occur 
commonly on the margins of the vent complex and cap unit Tlpr locally. Near the base of the 
intracaldera tuffs, fiammé (approximately 1–2 vol. percent) and heterolithic clasts are most-abundant (up 
to 5 vol. percent) . Fiammé and lithics are rare or absent higher in the section. Fiammé commonly are 
1–3 cm with aspect ratios ranging from 3 to 5. Near the base of the tuffs at the southwestern end of the 
vent, lithics range in size from 1–5 cm commonly, and up to a maximum of approximately 1 m diameter. 
Along the north and northeast walls of the Montana Tunnels open pit (e.g., Loc. 10), the dacitic tuffs are 
particularly lithic-rich with heterolithic clasts. Locally, these tuffs are crosscut by late-stage calcite veins 
and biotite is pervasively altered to chlorite. The mineralogy and crystal abundance of the tuffs is similar 
to Tldi dikes. The tuffs contain 30–35 vol. percent subhedral to angular fragments of plagioclase crystals 
(0.5–1 mm), 8–10 vol. percent biotite (0.5 mm), 2–3 vol. percent hornblende (0.5 mm), and 1–2 vol. 
percent quartz (0.3 mm) in a devitrified glass (50–55 vol. percent) recrystallized to microcrystalline 
quartz, biotite, and feldspar. Plagioclase associated with lithic clasts commonly have resorbed rims and 
sieved cores. Amphibole and clinopyroxene associated with some lithic clasts have been partially altered 
to actinolite, chlorite, and epidote likely prior to entrainment.

CRETACEOUS VOLCANICS, INTRUSIONS, AND RELATED DEPOSITS

Boulder Batholith

Ka Alaskite bodies and aplite dikes are medium- to fine-grained and contained with subequal proportions of 
quartz, K-feldspar, and plagioclase. Mapping of alaskite and aplite dikes hosted within the Butte granite 
are adopted from Brecraft et al. (1963).

Kbg Butte granite, includes fine- to medium-grained hypidiomorphic-equigranular granite consisting of 
plagioclase, K-feldspar up to 1 cm long, and quartz, with 15 to 20 vol. percent mafics that include 
biotite, hornblende, and accessory magnetite, titanite, apatite, ilmenite, and zircon. Granite is in contact 
with units Kem1, Kem2, and Keus of the Elkhorn Mountain Volcanics, and is crosscut by dacitic dikes 
of the Lowland Creek Volcanics (Tlib). U-Pb zircon age determinations for the Butte granite yield a 
range of ages between 64.5–66.5 Ma (Fig. 2), but a preferred age of approximately 66.5 is supported by 
some Ar-Ar ages of ~65.1 Ma for hydrothermal muscovite from Pb-Zn-Ag veins hosted in the Butte 
granite in the Ratio Mountain quadrangle (Fig. 2).

Kgp Porphyritic granite intrusions (83.2±1.9 Ma, U-Pb zircon, SHRIMP-RG). Includes porphyritic granitic 
dikes or plugs hosted in unit Keus near the Mount Washington mine (Loc. 08) and Bluebird Pen-Yan 
mine with ~50–60 vol. percent phenocrysts, and 40–50 vol. percent interstitial quartz and K-feldspar 
with granophyric and graphic textures. Phenocrysts include 45 vol. percent plagioclase (1–4 mm), 5 vol. 
percent chloritized biotite (≤2 mm), 2–4 vol. percent magnetite (≤0.5 mm), 1–2 vol. percent hornblende 
(~1 mm) altered entirely to hydrothermal biotite and chlorite, 1–2 vol. percent poikilitic-textured 
K-feldspar (2–5 mm), 0.5 vol. percent quartz (0.1–0.5 mm), and accessory apatite and zircon. 
Plagioclase phenocrysts commonly have sieved cores and contain inclusions of biotite. 

Elkhorn Mountains Volcanics and Volcaniclastic Deposits

Upper Member

Keut Laterally discontinuous dark gray ash flow tuffs or ignimbrites up to 35 m thick that are intercalated 
within Keus sandstones. Locally, they contain abundant fiamme (up to 5 vol. percent; 3–5 cm) and have 
vitroclastic and eutaxitic textures (Loc. 7). Crystallinity varies, but generally these tuffs have poor to 
moderate crystal contents (10–20 vol. percent). Mafic sites are commonly altered completely to chlorite 
or epidote, but igneous biotite textures are evident. Geochemically, the ignimbrite at Loc. 7 is rhyolitic 
compared to the host andesitic to dacitic sandstones.

Keus Dark grey, reddish-brown, or dark green massive to thinly-bedded volcaniclastic sandstones, siltstones, 
and relatively thin (<10 m) discontinuous sequences of ash flow tuffs. Unit unconformably overlies unit 
Kem2. Sedimentary rocks range in composition from andesitic to dacitic (Fig. 3), and are poorly sorted 
with normal- and reversely-graded planar bedding. Sandstone contains clasts of volcanic lithics, 
plagioclase, and altered pyroxene and hornblende. Pyroxene and hornblende are partially to completely 
replaced by chlorite, and lesser epidote. Metamorphic biotite occurs near the unconformable contact 
with Kbg. 

Middle Member

Kem2 Dark grey, maroon, or black normally-zoned crystal-poor strongly-welded dacitic ignimbrite. This 
ignimbrite conformably overlies ignimbrite Kem1. It contains 15–25 percent crystals of plagioclase 
(0.5–2 mm; 15 vol. percent) and trace K-feldspar (1–2 mm). Mafic sites (0.5–1 mm; 3–5 vol. percent) 
are nearly completely replaced by chlorite and muscovite, but probably originally consisted of biotite 
±clinopyroxene, ±hornblende. Fiammé are moderately abundant, particularly towards the base of the 
ignimbrite (≤5 vol. percent; up to 10 cm; aspect ratios of 3–5x). The abundance of fiammé is a 
distinguishing characteristic compared to unit Kem1. Eutaxitic and vitroclastic textures are commonly 
observed. Fiammé and glass are typically coarsely recrystallized to quartz, biotite, and feldspar (≤0.2 
mm) and metamorphic biotite is observed throughout the unit. The ignimbrite is locally rheomorphically 
deformed with stretched fiammé (>10:1 aspect ratios).

Kem1 Dark grey, maroon, or black reversely-zoned crystal-rich strongly-welded dacitic ignimbrite. The lower 
exposures of this ignimbrite are intruded by the Butte granite. The ignimbrite contains 35–50 percent 
crystals of plagioclase (0.5–3 mm; 30–40 vol. percent), orthopyroxene/clinopyroxene (0.3–0.5 mm; 3–5 
vol. percent; 1:2 ratio), hornblende (1–2 vol. percent; <0.5 mm), biotite (1–2 vol. percent; <1 mm), and 
trace K-feldspar (1–2 mm). Fiamme are sparse (<1 vol. ) and smaller (commonly 2–3 cm) compared to 
Kem2. Fiamme and glass are commonly coarsely recrystallized to quartz, biotite, and feldspar (≤0.2 
mm) and metamorphic biotite is observed throughout the unit. 

SEDIMENTS

Qa  Quaternary alluvium, colluvium, and talus deposits.

Qls Quaternary landslide deposits of unsorted mixture of silt, clay, sand, gravel, and boulders.

Qg Quaternary-Holocene glacial gravels (glacial till and fluvial deposits) adopted from Brecraft et al. 
(1963).

IGNEOUS AND VOLCANIC ROCKS OF THE AVON AND LOWLAND CREEK VOLCANICS 
(EOCENE)

Avon Volcanics 

Trt Pinkish white to gray crystal-rich (30–35 vol. percent) rhyolite ignimbrite with abundant fiammé (2–5 
vol. percent). Only recognized in a single locality within the quadrangle. Unit is poorly to moderately 
welded, approximately 10–20 m thick with a ≥1 m thick basal vitrophyre (Loc. 17). Phenocrysts (<1 
mm) include dominantly untwinned feldspars including sanidine and albite (?), quartz, biotite, and trace 
plagioclase with albitic twinning. Mosolf (2015) reports U-Pb zircon ages that range from approximately 
30 Ma to 48 Ma for volcanic rocks near Avon (Fig. 1).

Lowland Creek Volcanics, Related Intrusions, and Deposits

Tlri White hydrothermally altered rhyolite porphyry dikes with 35 vol. percent crystals and 65 vol. percent 
microcrystalline aplitic groundmass (0.02–0.05 mm). Phenocrysts include coarse plagioclase (≤7 mm), 
quartz (1–5 mm), and biotite (≤2 mm). Plagioclase is completely hydrothermally altered to sericite or 
illite, and primary biotite is partially altered or replaced by coarse muscovite and/ or sericite. These 
dikes are found striking northeast in the southwest corner of the quadrangle and in the dumps of the 
Mount Washington Mine. 

Tlih Medium-gray crystal-poor dacite dikes with abundant amphibole and subordinate biotite (Loc. 16). 
These dikes are commonly less-affected by vapor-phase alteration. Locally, they crosscut Tlib dikes, 
intracaldera tuffs and airfall tuffs (Tltd), and pyroclastic rocks (Tlpr, Tlpx, Tldb). They contain 15–25 
vol. percent crystals in a microcrystalline (0.05 mm) groundmass. Crystals include plagioclase (1–2 mm; 
10–15 vol. percent); amphibole (1–8 mm; 5–10 vol. percent), biotite (≤2 mm; <8 vol. percent); sanidine 
(2–5 mm; 1–2 vol. percent), and accessory magnetite and apatite. The abnormally high abundance of 
amphibole and biotite relative to plagioclase is also characteristic of unit Tldi. 

Tlib White, tan, or pink crystal-rich dacite dikes with abundant biotite (biotite >> hornblende), a 
microcrystalline groundmass (0.05 mm), and commonly vapor-phase altered, sometimes with 0.5 cm 
lithophysae. Locally, they crosscut units Tltd, Tlpr, Tlpx, and Tldb. The abundance of phenocrysts range 
from 20–30 vol. percent with coarse euhedral plagioclase (1–6 mm; 25–45 vol. percent), quartz (1–4 
mm; 2–4 vol. percent), and zoned sanadine and anorthoclase (1–5 mm; ≤0.5 vol. percent), and 
fine-grained biotite (≤2 mm; 5–10 vol. percent), amphibole (≤0.3 mm; ≤1 vol. percent), and accessory 
magnetite and apatite. The groundmass consists of plagioclase, quartz, alkali feldspar, and biotite. 
Garnet xenoliths (≤0.5 cm) are sometimes found locally (Loc. 15). The large intrusion at Sugarloaf 
Mountain is a crystal-rich end-member with coarser plagioclase (up to 1 cm). It uniquely has up to 70 
percent of its plagioclase with resorbed rims and sieved cores. Sanidine crystals are also resorbed 
locally. The groundmass is also uniquely fine (<0.02 mm) in comparison with other Tlib dikes although 
it is one of the largest Eocene intrusive bodies in the quadrangle.

UNIT DESCRIPTIONS

For a more detailed description of the map and the references used please refer to the text accompanying this map. 
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Figure 1. Location map. Geology after Vuke and others, 2007. 
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