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Abstract:
The Eocene (39.8 Ma) Avon volcanic complex in west-central Montana is part of the greater, rhyolitic,
Eocene-Oligocene (40-36 Ma) Helena volcanic field. The predominantly rhyolitic Avon volcanic
complex consists of seven mappable units ranging from basalt to rhyolite. From oldest to youngest
these include: aphanitic dacite lava (Td); white, rhyolitic debris- or hypercoiicentrated flood-flow
(Ttw); red, rhyolitic block and ash-flow (Ttr); rhyolitic lapilli-tuff (Tt1); glassy rhyolite intrusions
(Trg); flow-foliated, rhyolite porphyry lava (Trp); andesitic, exogenous dome (Ta); and basalt (Tb).
The eruptive sequence initiated with relatively minor pyroclastic eruptions and climaxed at 39.8 Ma
with the extrusion of large volumes of rhyolite porphyry (Trp) lava. The dacite (Td) and basalt (Tb) are
not genetically related to the other units of the volcanic complex.

Pre-Eocene structures in the region include Sevier-style folds and thrust faults. Eocene to Recent
structures are typically northwesttrending normal faults which produce many down-dropped valleys in
southwest Montana. The Avon Valley graben dominates the physiography of the Avon volcanic
complex. Normal faults inherited their orientations from weaknesses associated with pre-Eocene
structures. Normal faulting was initiated during or very shortly after eruption of the Avon volcanic
complex.

This study indicates that extension-related rhyolitic magmatism was active in south-central Montana as
early as 40 Ma; extensional faulting is coeval or slightly younger. This extension is due to intra-arc or
back-arc processes associated with subduction of the Farallon Plate. 
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ABSTRACT

The Eocene (39.8 Ma) Avon volcanic complex in west-central Montana 
is part of the greater, rhyolitic, Eocene-Oligocene (40-36 Ma) Helena 
volcanic field. The predominantly rhyolitic Avon volcanic complex 
consists of seven mappahIe units ranging from basalt to rhyolite. From 
oldest to youngest these include: aphanitic dacite lava (Td); white, 
rhyolitic debris- or hypercohcentrated flood-flow (Ttw); red, rhyolitic 
block and ash-flow (Ttr); rhyolitic lapilli-tuff (Ttl); glassy rhyolite 
intrusions (Trg); flow-foliated, rhyolite porphyry lava (Trp)j 
andesitic, exogenous dome (Ta); and basalt (Tb). The eruptive sequence 
initiated with relatively minor pyroclastic eruptions and climaxed at 
39.8 Ma with the extrusion of large volumes of rhyolite porphyry (Trp) 
lava. The dacite (Td) and basalt (Tb) are not genetically related to 
the other units of the volcanic complex.

Pre-Eocene structures in the region include Sevier-style folds and 
thrust faults. Eocene to Recent structures are typically northwest- 
trending normal faults which produce many down—dropped valleys in 
southwest Montana. The Avon Valley graben dominates the physiography of 
the Avon volcanic complex. Normal faults inherited their orientations 
from weaknesses associated with pre-Eocene structures. Normal faulting 
was initiated during or very shortly after eruption of the Avon 
volcanic complex.

This study indicates that extension-related rhyolitic magmatism 
was active in south-central Montana as early as 40 Ma; extensional 
faulting is coeval or slightly younger. This extension is due to 
intra-arc or back-arc processes associated with subduction of the 
Farallon Plate.
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INTRODUCTION

Purpose and Scope of Study

The Avon volcanic complex of west-central Montana is part of a 
massive Eocene-Oligocene volcanic terrane of the northern Rocky 
Mountains including the, Challis, Absaroka-Gallatin, -Garnet Range and 
Lowland Creek volcanics (Chadwick, 1985). The Avon volcanic complex is 
locally included in the Helena volcanic field (Chadwick, 1981) and 
'consists of a series of lava flows, tuff, ash flow tuff, lahars, 
reworked volcaniclastic rocks and intrusions with composition ranging 
from basalt to rhyolite. Timing and nature of volcanism is critical to 
the understanding of Cenozoic tectonics in west-central Montana.

The purpose of this study is to determine the volcanic and 
structural history of the complex using detailed mapping and 
petrographic, geochemical and structural analysis methods. Specific 
questions answered in this study are: (I) what is the aerial extent of 
the volcanic rocks?, (2) how many eruptive episodes were involved?, (3) 

what was the mode of emplacement (lava, ash-flow, debris flow)?, (4) 

where is(are) the vent(s) from which the rocks flowed?, (5) were the 
normal faults active prior to or during the volcanism? Answers to 
these questions will aid in the characterization and timing of Tertiary 
tectonism in west-central Montana.
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Location

The . study area is located west of the Continental Divide in the 
vicinity of the towns of. Avon and Elliston in Powell County, Montana 
at the southern termination of the Avon Valley graben. Structurally, 
the area is located in the Sapphire plate of the Helena salient of the 
Montana thrust belt (Figure I), and is also within the Great Falls 
tectonic zone (O'Neill and Lopez, 1986), near its intersection with the 
Montana Lineament.

Regional Igneous History

Igneous rocks comprise a major part of the geologic record in 
west-central Montana from Iate-Cretaceous (79 Ma) through early- 
Oligocene (36 Ma) time. To understand the Avon volcanic complex in 
proper context, occurrences and ages of near by igneous rocks will be 
discussed below.

Late Cretaceous

The Cretaceous Elkhom Mountains Volcanics crop out to the south 
and southeast of the study area (Figure 2). These older volcanics 
consist of extensive, thick, intermediate to silicic, calk-alkaline 

lava flows, breccia, tuff, and ash flow tuff emplaced from 79 to 73 Ma 
(Robinson and others, 1968). Strato-volcanoes and caldera structures 
are associated with these volcanic rocks (Watson, 1986).

The Cretaceous Boulder batholith, located southeast of the study 

area is a composite, epizonal, plutonic mass emplaced from 79 to 68 Ma 
(Tilling, 1974) which intrudes and is considered comagmatic with the
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Absaroka
F i e l d

NORTH

Figure I. Location map of study area and pertinent tectonic features 
in western Montana, northwestern Wyoming, and eastern Idaho. Black 
pattern indicates Eocene and Oligocene volcanic rocks. Eastern limit 
of Sapphire plate is from Ruppel and others (1981). Modified from 
works of Callmeyer (1984), Chadwick (1985), and Lageson (1985).
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T e r t i a r y  v o l c a n i c  r o c k s

B l o c k  p a t t e r n  i n d i c a t e s  r oc k s  of 

t he  H e l e n a  v o l c a n i c  f i e l d .

C r e t a c e o u s  i n t r u s i v e  r o c k s

Cretaceous volcanic rocks

4 7 - 4 4  Ag e d a t e  (m.y.b.p. )

Figure 2. Map of Cretaceous and Tertiary igneous rocks in west-central 
Montana. Modified from works of Smedes (1962), Ruppel (1963), Becraft 
and others (1963), Knopf (1963), Smedes (1966), Chadwick (1981), 
Daniels and Berg (1981), Wallace and others (1981), Callmeyer (1984), 
Peterson (1985), and R. E. Derkey (pers. comm.).
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Elkhorn Mountains Volcanics (Robinson and others, 1968; Hamilton and 
Meyers, 1974; Tilling, 1974).

Early Tertiary

Along the west margin of the Boulder batholith and south of the 
study area, the Eocene Lowland Creek Volcanics,- comprised of quartz 
latitic to rhyolitic lava flows, breccia, conglomerate, sandstone, tuff 

and welded tuff were emplaced during 6 major episodes of volcanism from 
50 to 48 Ma (Smedes, 1962).

The Eocene Garnet Range volcanics, located directly northwest of 
the study area, include basic to silicic lava flows, breccia, tuff and 
shallow intrusions (Gwinn and Mutch, 1965; Reitz, 1978; Callmeyer, 
1984). Callmeyer (1984) describes the eastern Garnet Range volcanics 
as calk-alkaline while Reitz (1980) and Carter (1982) describe bimodal 
basalt-rhyolite volcanism in the western and central Garnet Range. 
Radiometric (K-Ar) dates of the Garnet Range volcanics range from 49 to 

44 Ma with a general younging trend to the east where the field 
overlaps the Avon volcanic complex (Callmeyer, 1984).

The Eocene to Oligocene Helena volcanic field, located southeast* 

southwest and west of Helena, includes several silicic volcanic and 
intrusive rock types (Figure 3). The field was extruded 40 to 36 Ma 
and has a general eastward-younging trend (Chadwick, 1981). The Avon 

volcanic complex is the oldest major group of volcanic rocks in the 

Helena volcanic field and is located at its northwestern limit. 
Recent radiometric (K-Ar and Ar-Ar) dates report an average age of 
39.8 jr 1.0 Ma for the most extensive map unit of the Avon volcanic 
complex (L. Snee, pers. comm., 1986)
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A v o n  F i e l d

M O N T A N A

'H e l e n e  F i e l d

I O  m l

Figure 3. Location of the Avon volcanic complex (enclosed box) within 
the larger Helena volcanic field. Stippled patern represents rocks of 
Helena volcanic field.
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Previous Geologic Studies

Rocks of the Helena volcanic field have been mapped by many 
workers (Figure 4). Most of these works were quadrangle mapping 
projects and did not involve detailed study of the Helena volcanic 
rocks. Earliest reconnaissance mapping of this area was done by Weed 
(1912) and Knopf (1913), who identified rocks of the Helena volcanic 

field as rhyolite and tuff. Smedes (1962), in a study of the Lowland 
Creek Volcanics, referred to rhyolitic rocks in the Basin and Deer 
Lodge 15 * quadrangles, as "post-Lowland Creek volcanics". Chadwick 
(1978) grouped the rhyolitic rocks southeast, southwest and west of 
Helena into the Helena volcanic field of Eocene to Miocene age. An
erroneous radiometric age date for the Avon volcanic complex excluded 

it from Chadwick's (1978) definition. Later studies included the Avon 
volcanic complex as part of the Helena volcanic field (Chadwick, 1981; 

1985).

Callmeyer (1984) studied the Eocene eastern Garnet Range 
volcanics, located immediately northwest of this study area. Outlying 
outcrops of the eastern Garnet Range volcanics are located west of the 
town of Avon and directly underlie rocks of the Avon volcanic complex. 
Peterson (1985) mapped the western portion of the Avon volcanic complex 
and described several of its volcanic units.
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I. Klepper and others (1957) 9. Callmeyer (1984)

2. Ruppel (1961) 10. Peterson (1985)

3. Ruppel (1963) 11. Trombetta and Derkey *

4. Becraft and others (1963) 12. Derkey *

5. Knopf (1963) 13. Derkey *

6. Smedes (1966) 14. Derkey *

7. Melson (1971) 15. Derkey *

8. Blackwell and Baag (1973)

Figure 4. Map showing areas that have been mapped previous to this 
study which contain rocks of the Helena volcanic field. An asterisk 
(*) indicates that the map is in review prior to publication. Shaded 
area denotes outline of the Avon volcanic complex.
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Methods

This study includes mapping of the 250 square kilometer study area 
illustrated in Plate I at 1:24,000 scale. Field mapping was completed 

in 130 field days. Access was good via logging, ranch and U.S. Forest 
Service roads.

Flow structures in lava flow units were analyzed .to determine 
paleo-flow directions of the lava. Methods of Williams (1942) and 
Christiansen and Lipman (1966) were adapted for this purpose. Flow 
analysis methods are further discussed in the flow direction chapter.

Fif ty lithologic samples were .. collected and analyzed by 

transmitted light petrography. Detailed point counts were conducted on 
39 of the petrographic samples.

Eleven samples were collected from 5 of the Avon volcanic complex- 
map units and analyzed for whole rock and trace element geochemistry. 
Collection and analysis methods are further discussed in the Geochem
istry chapter.

Temporal relationships between extensional faulting and 
emplacement of Avon volcanic units is analyzed by comparing offset of 
stratigraphic markers of various ages.
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UNIT DESCRIPTIONS AND FIELD RELATIONS

Tertiary volcanic rocks in the Avon-Elliston area are separated by 
lithology and field relations into eight mappable units (Plate I). 
Chemical classification, mode of emplacement and relative ages of the 

map units are listed in Table I. Rhyolite porphyry (Trp) and lapilli- 
tuff (Ttl) are separated into component members which are not distin

guished as mappable units on Plate I due to lack of continuous expos
ure, but are described below. The following discussion adresses the 
eight -iertiafy volcanic units and other rocks of the avon-Elliston area 
from oldest to youngest. Locations of photographed samples are 
described in Appendix B.

Pre-Avon Volcanic Complex Rocks (Ju, Ku, Kv)

Rocks of the Avon volcanic complex unconformably overlie 
Cretaceous and Jurassic sedimentary, volcanic and volcaniclastic rocks. 
In the southwest portion of the study area the Avon volcanic complex is 

underlain by Cretaceous andesite and ash-flow tuff of the Elkhom 

Mountains Volcanics (Kv). In the western and northwestern portions of 
the study area the Avon volcanic complex is underlain by Cretaceous 

Cblorado Group sedimentary units (Ku) and Elkhorn Mountains Volcanics 
(Kv) (Peterson, 1985). A large hill in the southeast portion'of the 
study area known as Paul Mountain consists of Cretaceous basalt (Kv) 

and cross-bedded and massive quartzarenite of the Jurassic Swift 
Formation (Ju) (R.E. Derkey, pers. comm.,1986)
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Table I. Map units of the Avon volcanic complex.

RELATIVE
AGE UNIT

CHEMICAL CD
CLASSIFICATION EMPLACEMENT

AERIAL
COVERAGE (km1 2)

Youngest Basalt Basalt Lava 5.0

I
(Tb) Flow

Crystal-Poor Andesite Exogenous 3.1
Andesite Dome
(Ta)

Rhyolite Rhyolite Lava 68.0
Porphyry Flow
(Trp)

Glassy Rhyolite Intrusions
Rhyolite
(Trg)

Lapilli-Tuff .Rhyolite Ash-Flow/ 6.4
(Ttl) Air-Fall

Red Tuff Rhyolite Block & Ash <0.5
(Ttr) Flow

White Tuff Rhyolite Debris-Flow/ 0.9
(Ttw) Hyperconcentrated

Flood-Flow

Aphanitic Dacite Lava 4.7
T Dacite Flow

Oldest (Td)

(1) Based on Irvine and Baragar (1971) chemical classification of 
volcanic rocks.
(2) Based on IUGS classification by modal percentages of crystals for 
porphyrytic, aphanitic rocks.
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Aphanitic Dacite (Td)

In outcrop, aphanitic dacite is brown to grey, aphyric and 
displays centimeter-scale flow foliation in the form of partings that 
typically contain hematite stain. Monolithologic breccia with angular 
clasts up to 40 centimeters in diameter is locally abundant throughout 
this unit and was described as a flow breccia (Peterson, 1985). 
Outcrops are typically fractured along planar surfaces parallel to the 
flow foliation (Figure 5).

The unit consists of plagioclase microlites set in a dark glassy 
matrix. The lath-shaped microlites are aligned parallel to flow 
foliation.

Aphanitic dacite has a maximum exposed thickness of 220 meters 
and is restricted to a small (< 12 square kilometer) area in the 
western portion of the study area where it unconformably overlies 
Jurassic (Ju) and Cretaceous (Ku) sedimentary units (Peterson, 1984). 
It is unconformably overlain by both lapilli-tuff members (Ttl), lower 
rhyolite porphyry member (Trp) and unconsolidated sediment (Ts)'.

Aphanitic _dacite is interpreted as an outlying exposure the older 
Garnet Range volcanics which are located northwest of the study area. 
This interpretation is based on: (I) the macroscopic and microscopic 
similarities of aphanitic dacite to units of the eastern Garnet Range 

described by Callmeyer (1984); (2) the geochemical similarities of the 

unit with units of the eastern Garnet Range volcanics; and (3) field 
relations of the unit with units of the eastern Garnet Range volcanics.
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Figure 5. Outcrop of aphanitic dacite (Td). Note fractured nature of 
this unit. The fractures parallel flow foliation manifested by 
alligned microlites. Location: TA-1044.
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White Tuff (Ttw)

White tuff consists of two component facies: a poorly-sorted, 
pyroclastic tuff^breccia facies, and a crystal-tuff facies (Figures 6 
and 7). The two facies grade laterally and vertically into each other. 
The unit is characterized by a bright white color, but minor grey and 
black outcrops are present. Some weathered surfaces have orange hema- 
titic staining along fractures and clast boundaries.

The tuff-breccia facies is heterolithologic and clast-supported. 
Clasts vary from well-rounded (up to 20 centimeters in diameter) to 
angular (up to 5 centimeters in diameter). About fifty percent of the 

clasts are grey, fine-grained, crystal-poor, thinly flow-foliated, 

rhyolite. Other clasts consist of sedimentary or volcaniclastic rock. 
The matrix consists of clay and ash-sized glass shards with up to 10 
percent crystal fragments. Crystal phases include quartz + sanidine + 
oligoclase + opaques.

The crystal-tuff facies is composed of up to 10 percent crystal 
fragments set in a clay matrix. Crystal phases include quartz + 
sanidine + opaques ± oligoclase ± albite. Based on the relative 

abundance of crystal components, the massive tuff is rhyolitic (Figure 
8). Crystal fragments are typically less than I milimeters in 
diameter, but a few euhedral quartz crystals are larger than 3 
milimeters. Larger quartz crystals have the bipyramidal morphology of 

beta-quartz. High-temperature oligoclase and low-temperature albite 
are both present in some samples.
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Figure 6. Hand sample of white tuff (Ttw) (tuff-breccia facies). This 
sample is angular, clast-supported breccia. Location: TA-541.

Figure 7. Photomicrograph of white tuff (Ttw) (tuff facies). 
Location: TA-90I.
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The majority of exposures of white tuff are located in the south
eastern portion of the study area. The tuff varies from well- 
consolidated and resistant in the central and western portion of the 
area to moderately-consolidated and less resistant in the southeast.

Approximately 240 meters of white tuff are well-exposed in the 
Hurd Creek Valley in Sections 9 and 16, T9N, R7W. There the contact 
with underlying Jurassic Swift Formation quartzarenite (Ju) is very 
well exposed along steep canyon slopes. A 20-centimeter thick,.clast- 
supported, cobble conglomerate is exposed along this contact (Figure 
9). At the southeastern termination of the study area, white tuff is 
very poorly exposed. In Sections 14, 22 and 23, T9N, R7N, it 

unconformably overlies andesite of the Elkhorn Mountains Volcanics (Kv) 

and in turn, is unconformably overlain by both members of the rhyolite 
porphyry (Trp). In this locality it is fine-grained, less dense and 
less resistant than at Hurd Creek. The low-lying topography and thick 
forest vegetation here limit exposure to cobble-sized rock fragments in 
a thick soil.

A small 15-meter thick outcrop of white tuff is poorly exposed in 
the northwest corner of Section 4, T9N, R8W in the western portion of 
the study area. White tuff is here overlain by lower member, lapilli— 

tuff (Ttl), lower member, rhyolite porphyry (Trp) and unconsolidated 

sediment (Ts). Underlying units and basal contacts are not exposed. 
At this location the unit is white, clast—supported tuff—breccia.

In Section 9, T9N, R7W a small (< 10 meters) exposure in an 
abandoned prospect pit of massive, crystal-rich tuff is altered to dark 
red jasperoid. Contact with adjacent nonjasperized white tuff is very .
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Figure 8. Ternary diagram of quartz, K-feldspar and plagioclase 
phenocrysts normalized to 100% for two samples of white tuff (Ttw) and 
two samples of red tuff (Ttr). Fields are from IUGS classification for 
aphanitic rocks containing 10 % crystals. Data points are from point 
counts in Table 6, n > 1100.

Figure 9. Cobble conglomerate at base of white tuff (Ttw). 
Location: TA-869.



sharp. This jasperization is not exposed elsewhere and appears to 
extend only locally.

Red Tuff (Ttr)

In outcrop the red tuff is crystal-rich, poorly-sorted, clast- 
supported to matrix-supported, rhyolitic, pyroclastic tuff-breccia 
(Figure 10). It is characterized by a predominant red color, dense- 
welding, and glassy nature. Clasts are angular, up to 10 centimeters 
in diameter, and composed of red, grey and tan rhyolite and fine
grained sedimentary rock.

The matrix is glassy and contains up to 16 percent crystal 
fragments. Crystal phases include quartz + sanidine + opaques. Based 

on mineral percentages this rock is an alkali-feldspar rhyolite 
(Figure 8). The unit's red color is attributed to cryptocrystalline 
hematite disseminated throughout the matrix. A distinctive red spotted 
appearance is produced by the matrix imparting a deep red color to 
clear crystals.

Red tuff is exposed in three locations in the study area. It is 
poorly exposed in Sections 6 and 7, T9N, R7W where it crops out along a 
linear ridge 1.1 kilometers in length and on a small hilltop. Red tuff 
is here overlain by lower member, rhyolite porphyry (Trp). Underlying 

units and basal contacts are not exposed at this location. Red tuff 

grades laterally from a matrix-supported, pyroclastic tuff-breccia to a 
densely-welded, crystal-rich tuff.

In the southeast corner of Section 9, T10N, R8W in the . northern
portion of the study area red tuff is exposed along a footwall scarp of.

18
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a normal fault in a gravel pit. At this locality a vertical section of 

10 to 15 meters is well exposed. Red tuff is here unconformably 

overlain by lower member, lapilli-tuff (Ttl). Underlying units are not 

exposed.

Low-lying outcrops are poorly exposed in Sections 3 and 10, T10N, 

R8W at the northern end of the study area. These outcrops are overlain 

by unconsolidated sediment (Ts) which obscures all other stratigraphic 

relationships.

Figure 10. Hand sample of red tuff (Ttr). Note the dark quartz 
crystals. Location: TA-7.
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Lapilli-Tuff (.Ttl )

Lapilli-tuff with an aerial coverage of 6.4 kilometers, has the 
second largest aerial exposure of the Avon volcanic complex map units. 
Lapilli-tuff is a crystal-rich tuff which is divided into a lower and 
an upper member. The lower member, which comprises most of the unit, 
is typically poorly- to highly-indurated in nature. The upper member 
is distinguished from the lower member by its nonindurated and 
noncompacted nature and is exposed only in a few isolated outcrops. 
Relative percentages of crystals classify both members as rhyolite or 
alkali-feldspar rhyolite (Figure 11). .

Lower Member, Lapilli-Tuff

In outcrop the lower member is white-to-red (typically orange), 
poorly- to highly-indurated, poorly-sorted, crystal-rich lapilli-tuff 
(Figure 12). Typically angular, lapilii-size pumice and lithic 
fragments comprise up to 25 percent of the rock. Most clasts are gray, 
fine-grained, finely-laminated rhyolite, but a small portion are fine
grained sedimentary rock.

The base and top of this member display thin zones of dense 
welding. The basal zone has compaction associated with welding (Figure 

13). One exposure near the basal contact contains abundant black 
fiamme (collapsed pumice lapilli) in a densely-welded, vitreous matrix 
(Figure 14). The upper densely welded zone has a clastic, massive to 

weakly banded appearance and contains up to 10 percent lithic clasts 
and pumice fragments up to 2.0 centimeters in diameter.
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Figure 11. Ternary diagram of quartz, K-feldspar and plagioclase 
phenocrysts normalized to 100% for seven samples from the lower member 
and two samples from the upper member of the lapilli-tuff (Ttl). 
Fields are from IUGS classification for aphanitic rocks containing 10 % 
crystals. See Figure 8 for field labels. Data points are from point 
counts in Table 8, n > 1100.

Figure 12. Hand sample of lower member, lapilli-tuff (Ttl). Note the 
dark pumice fragments in this sample. Location: TA-945.
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Figure 13. Flattened glass shards in basal exposure of lower member, 
lapilli-tuff (Ttl). Dark color of shards is produced by high 
percentage of trichtites. Trichtites are in the form of alligned rods 
where the shards are flattened (arrow), and are spider-shaped in the 
rest of the shard. Location: TA-549.

Figure 14. Fiamme (flattened pumice lapilli) from base of lower 
member, lapilli-tuff (Ttl). Location: TA-545.
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Crystal phases in the lower member include quartz + sanidine + 
opaque ± oligoclase ± biotite ± amphibole ± zircon. Quartz crystals 
are euhedral to anhedral and some display evidence of resorption. 
Euhedral to anhedral sanidine crystals display simple twins. Typically 
anhedral, rarely zoned oligoclase crystals display polysynthetic twins. 
Euhedral, green-brown amphibole (ferrohastingsite ?) crystals have 

green-brown-black pleochroism. Opaque minerals are equant, euhedral to 
anhedral and, in some samples, intergrown with hematite (Figure 15).

Two forms of biotite are present. Euhedral, brown-black biotite 
with maximum length of 1.0 milimeters is oriented parallel to 
compaction banding. Anhedral blebs of tan-green biotite with a maximum 
diameter of 0.2 milimeters are randomly oriented in the matrix (Figure 
16). Aggregates of oligoclase + biotite + sanidine crystals are common 
(Figure 17) as are poikilitic textures with sanidine oikocrysts 
enclosing crystals of all other phases.

Red, spider- and rod-shaped microlites (trichtites) occur within 
glass shards of some samples (Figure 18). Similar trichtites from 
several rhyolitic glasses were identified as pyroxene (Ross, 1962). 
Trichtites in some compacted samples are undeformed, but are flattened 
in others (Figure 18). This suggests that trichtite growth occurred 
before compaction in some samples and following compaction in others.

The matrix is primarily glass with minor amounts of clay and 
hematite stain. It is typically massive with a dull glassy luster. 

Orange color in hand sample and dark coloration in thin section is 
attributed to disseminated hematite. The matrix is typically glassy 
with no evidence of devitrification.
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Figure 15. Magnetite crystals within a larger crystal of hematite from 
lower member, lapilli-tuff (Ttl). Location: TA-347.

Figure 16. Secondary biotite in lower member, lapilli-tuff (Ttl). 
Note the random orientation of biotite crystals. Location: TA-552-d.
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Figure 17. Cummulocryst of oligoclase + biotite + sanidine from lower 
member, lapilli-tuff (Ttl). Note fragmented nature of crystals. 
Location: TA-3A2.

Figure 18. Spider-shaped microlites (trichtites of pyroxene (?) in 
glassy matrix of lapilli-tuff (Ttl). Location: TA-609.
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The lower member is widely distributed and has a maximum exposed 

thickness of 200 meters. It is exposed over large areas in the east- 

central and west-central portions of the study area. The basal contact 

of this member is not exposed in the eastern portion of the study area 

and is poorly exposed in the western portion. In the south half of 

section 33, T10N, R8N there is a basal contact with a small exposure of 

white tuff (Ttw) where fiamme are locally abundant. This member is 

unconformably overlain by rhyolite porphyry (Trp), crystal-poor 

andesite (Ta) (extrusive facies), and upper member, lapilli-tuff (Ttl). 

In Section 33, T10N, R7W this member is intruded by a glassy rhyolite 

(Trg) dike and a crystal-poor andesite (Ta) stock.

In the west—central portion of the study area this member grades 

upward into a densely—welded zone with a maximum observed thickness of 

70 meters. Exposures of this densely-welded portion of the lower 

member are restricted to small isolated hilltops .in Section 33, T10N, 

R8W.

The lower member is also exposed on a footwall scarp of a normal 

fault in the southeast corner of Section 9, T10N, R8W. Here it 

unconformably overlies red tuff (Ttr) and is in turn overlain by lower 

member, rhyolite porphyry (Trp). It is approximately 20 meters thick 

and the upper contact is not exposed here.

Upper Member, Lapilli-Tuff

In outcrop the upper member is white to tan, poorly-consolidated, 

nonindurated, noncompacted, crystal-rich tuff. It is poorly- to 

moderately well-sorted and has 5 to 15 percent lapilli-sized fragments 

of rhyolite and fine-grained sedimentary rock.
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As much as 10 percent of the upper member is composed of crystals 
and crystal fragments including quartz + sanidine + oligoclase + 
opaques ± biotite + amphibole. Quartz and sanidine crystals are 
euhedral to anhedral. Oligoclase crystals are typically euhedral. 
Biotite has brown-green pleochroism. Euhedral, brown-black amphibole 
(kaersutite?) crystals exhibit brown—green pleochroism. Opaque grains 
are typically equant and anhedral. Poikilitic texture occurs in some 
samples with oligoclase enclosing smaller crystals of sanidine and 
biotite. The matrix consists of glass shards, pumice fragments and 

clay (Figure 19). Glass shards typically do not exhibit evidence of 
devitrification.

The upper member is exposed in a few isolated localities 
throughout the north-central portion of the study area. This unit has 
a maximum observed thickness of less than 15 meters. Basal contacts 
are very poorly-exposed and upper contacts are not exposed. In 

Sections 29 and 30, T10N, R8W, this member unconformably overlies 
aphanitic dacite (Td) and is overlain by lower member, rhyolite 

porphyry (Trp). In the southwest quarter of Section 33, TlON, R8W it 
overlies lower member, lapilli-tuff (Ttl).

Centimeter-scale trough structures with a coarse lag deposit of 
ash-size grains are exposed in one outcrop. These structures are very 
similar in appearance to fluvial channel deposits, and suggest 
reworking of the tuff.

Rare outcrops of this member form steep sided, elongate "blades" 
(Figure 20) which stand prominently above local topography and adjacent 
outcrops of densely-welded portions of the lapilli-tuff.
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Figure 19. Photomicrograph of upper member, lapilli-tuff (Ttl). 
abundant glass shards and noncompacted nature. Location: TA-608.

Note

Figure 20. Outcrops of upper member, lapilli-tuff (Ttl). Note how the 
outcrops stand resistantly above local topography. Location: TA-608.
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Glassy Rhyolite (Trg)

Glassy rhyolite intrudes lower member, lapilli-tuff and is 
characterized by a glassy-perlitic matrix. In outcrop it is grey, 
vitrophyric, rhyolitic porphyry with up to 15 percent phenocrysts. 
Vertically oriented flow foliation occurs at several locations 
suggesting emplacement by vertical flowage of magma. Flow foliation in 
some locations is deformed into similar folds (Figure 21).

Crystal phases include quartz + sanidine + oligoclase + opaque ± 
amphibole. Based on mineral percentages this unit is rhyolitic (Figure 
22). Quartz and sanidine crystals are typically anhedral. Oligoclase 
occurs as tiny laths up to 0.2 milimeters long or equant, euhedral 
crystals up to 1.0 milimeters in diameter. A few oligoclase crystals 

are intergrown with sanidine. Brown-black amphibole (kaersutite?) 
crystals are euhedral and have brown-black pleochroism. Opaque grains 
are equant and anhedral.

Compositionally, the matrix consists largely of glass with minor 
amounts of cryptocrystalline material. Spherulites up to 2.0 
milimeters in diameter are locally abundant in linear zones. Perlitic 
cracks are common throughout the matrix.

Glassy rhyolite is restricted in occurrence to dikes which intrude 
lapilli-tuff (Ttl) in the east-central portion of the study area. In 
the southwest corner of Section 33, T10N, R7W a resistant dike intrudes 

lower member, lapilli-tuff (Ttl) and stands prominently above low 
topography (Figure 23). It trends southeast for 500 meters before it 
is unconformably overlain by crystal-poor andesite (Td). A north
facing, vertical exposure of glassy rhyolite is present in the■ west
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half of Section 31, T10N, R7W. Vertical flow foliation is exposed at

this location.

Figure 21. Folded vertical flow foliation in glassy rhyolite (Trg). 
Location: TA-599.
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Figure 22. Ternary diagram of quartz, K-feldspar and plagioclase 
phenocrysts normalized to 100% for two samples of glassy rhyolite 
(Trg). Fields are from IUGS classification for aphanitic rocks 
containing 10 % crystals. See Figure 8 for field labels. Data points 
are from point counts in Table 7, n > 1200.

Figure 23. Dike of glassy rhyolite. Location: TA-1064.
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Rhyolite Porphyry (Trp)

Rhyolite porphyry covers 68 square kilometers and comprises the 
majority of the exposed rocks of the Avon volcanic complex. Maximum 
observed thickness is 430 meters. Rhyolite porphyry is separated into 
lower and upper members. Both members are flow-foliated porphyries 
which are classified as rhyolite to alkali-feldspar rhyolite based on 
mineral percentages (Figure 24). The lower member is distinguished by 
up to 28 percent phenocrysts, ranging in size up to 4.5 milimeters, and 
centimeter- to meter-scale flow foliation. The upper member is 

distinguished by fewer (typically < 10%) and smaller (typically < 3 

milimeters) phenocrysts and millimeter-scale flow bands. The two 
members are separated by an exogenous dome of crystal—poor andesite 
(Ta) which intrudes and overlies the lower member, and is in turn 
overlain by the upper member.

Lower Member, Rhyolite Porphyry

In outcrop the lower member is a flow-foliated, white-tan-red- 
purple rhyolite porphyry. Flow foliation delineated by color variation 
and parting surfaces on a centimeter- to meter-scale is the dominant 
texture displayed at most outcrops of the lower member (Figure 25). 
Planar zones of crystal fragmentation are present along some flow 
bands. A few outcrops are massive and nonfoliated.

Discontinuous zones of monolithologic, clast—supported breccia 
(flow ?) crop out at some localities (Figure 26). Clasts range up to 

50 centimeters and typically display minor degrees of rounding. Clast
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Figure 24. Ternary diagram of quartz, K-feldspar and plagioclase 
phenocrysts normalized to 100% for ten samples of lower member, and 
seven samples of upper member, rhyolite porphyry (Trp). Fields are 
from IUGS classification for aphanitic rocks containing 10 % crystals. 
See Figure 8 for field labels. Data points are from point counts in 
Tables 9 and 10, n > 980.

Figure 25. Folded flow foliation in lower member, rhyolite porphyry 
(Trp). Note hammer for scale. Location: TA-I41.
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margins may be vitrophyric. Phenocrysts in the matrix are typically 
fragmented while crystals within the clasts are intact.

Heterolithologic (pick-up) breccia is present along the basal 
contact of this unit. Clast composition is primarily rhyolitic, but 
sedimentary clasts are also present. The matrix is composed of 
porphyritic rhyolite. Clasts are up to 30 centimeters and are 
moderately- to well-rounded. Stratification and clast imbrication is 
displayed within this breccia.

Lithophysae up to 10 centimeters in diameter are locally abundant. 
Some lithophysae are eroded and partially filled or lined with 
chalcedony (Figure 27). Chalcedony-filled fractures up to 8 
millimeters wide occur throughout this member. Chalcedony is also 
present between flow bands.

Phenocrysts compose up to 28 percent of this member and include 

quartz + sanidine + opaque oligoclase biotite amphibole. Quartz 
crystals are euhedral to strongly embayed. Euhedral to anhedral 
sanidine crystals in some samples display simple twins and crudely 
developed zoning. Euhedral to anhedral oligoclase crystals typically 

display polysynthetic twins, and some display oscillatory zoning. 
Typically euhedral, brown-black amphibole ■(kaersutite?) crystals 

display opaque (magnetite ?) rims (Figure 28). Opaque grains occur as 
elongate laths or equant blebs and, in some samples, intergrown with 
hematite crystals.

Biotite occurs in two forms in the lower member. Euhedral, brown- 

black biotite with maximum length of 0.3 milimete.rs is oriented
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Figure 26. Monolithologic (flow) breccia in lower member, rhyolite 
porphyry (Trp). Note hammer for scale. Location: TA-285.

Figure 27. Lithophysae lined with chalcedony in rhyolite porphyry 
(Trp). Location: TA-372.
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parallel to flow foliation and compaction banding. Anhedral blebs of 
tan-brown-black biotite with a maximum diameter of 0.2 milimeters are 
randomly oriented in the matrix.

Most samples display poikilitic texture with sanidine crystals 
enclosing smaller crystals of quartz, oligoclase, or biotite (Figure 
29). Cumulocrysts of sanidine, biotite and oligoclase are displayed in 
most samples.

The matrix is composed of glass, clay, cryptocrystalline material 
and hematite stain. Devitrification of the matrix varies from none to 
complete. Spherulites up to 1.5 milimeters in diameter are abundant in 
many samples. Fresh broken surfaces typically display a dull glassy 
luster. Vitrophyre occurs throughout this member in small (< 10 
meter), discontinuous pods.

The matrix of a few samples recrystallized into diffuse, inter- 
grown domains of quartz. Quartz domains are in optical continuity with 
quartz phenocrysts where they are adjacent (Figure 30).

Three separate flows are identified in the lower member.' 
Individual flows are separated by discontinuous zones of vitrophyre and 
flow breccia. The lowest flow is exposed only in the Spotted Dog Creek 
Valley and has a maximum thickness of 100 meters. The second (middle) 

flow has a maximum thickness of 200 meters and comprises the majority 
of the lower member, rhyolite porphyry in the study area. The 

uppermost flow is exposed as small hills on top of the second flow in 

Section 9, T9N, R8W and has a maximum, thickness of 120 meters. This 
flow is interpreted as the product of the molten core of the second 
flow that breeched its upper crust and flowed out over itself.
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Figure 29. Poikilitic sanidine, enclosing quartz, biotite and 
oligoclase from lower member, rhyolite porphyry (Trp).
Location: TA-342.
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The erosional unconformity below the lower member is very 

pronounced and has up to 300 meters of relief. In the .southwest 

portion of the study area a 5-kilometer long, 100-meter thick, flow- 

front is well preserved. Paleotopography beneath this flow-front 

appears to have been low (< 100 meter's) at the time of flowage. In the 

southeast portion of the study area, rhyolite porphyry flow flowed 

around Paul Mountain which presently has over 400 meters of relief.

Upper Member, Rhyolite Porphyry

In outcrop the upper member is a white to light tan, flow- 

foliated, rhyolitic porphyry. Phenocrysts comprise up to 19 percent of 

the unit. Flow foliation on a millimeter-scale is pervasive and may be 

folded on a centimeter scale. Discontinuous zones of vitrophyre occur 

at the base of this unit. One large zone of vitrophyre is several 

hundred meters long and up to 30 meters thick.

Locally abundant circular cavities up to 5 centimeters in diameter 

occur at the top of the upper member and comprise up to 30 percent of 

the rock (Figure 31). These cavities are interpreted as the product of 

weathered or hydrothermally altered lithophysae. Chalcedony lines or 

partially fills some of the cavities.

Crystal phases include quartz + sanidine + oligoclase + opaque ± 

biotite ± amphibole ± zircon. Quartz crystals are euhedral to anhedral 

and resorbed. Sanidine crystals are typically euhedral and some 

samples display simple twins and zoning. Oligoclase crystals are 

typically euhedral and polysynthetically twinned. Amphibole (ferro- 

hastingsite?) crystals are euhedral and have green-brown pleochroism.
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Figure 30. Matrix of rhyolite porphyry (Trp) recrystallized into 
quartz domains. Quartz phenocryst is in optical continuity with 
enclosing domain. Location: TA-429-a.

Figure 31. Cavities in upper member, rhyolite porphyry (Trp). 
Location: TA-I03I.
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A few small, euhedral zircon crystals occur in the matrix and inside 
quartz crystals.

Two forms of biotite occur in the upper member. Euhedral, brown- 
black crystals with a maximum length of 0.3 milimeters are oriented 
parallel to flow banding, and anhedral blebs of tan-brown biotite with 
a maximum diameter of 0.4 milimeters are randomly oriented in the 
matrix.

Opaque minerals occur in two forms. Most samples have up to 4 

percent primary, equant, opaque phenocrysts. Some samples also contain 
up to 45 percent anhedral, disseminated, opaque blebs. These opaque 
blebs are typically excluded from spherulites and are thought to have 
formed during or following spherulite formation (Figure 32).

The matrix consists of glass, cryptocrystalline material and 
disseminated hematite. The matrix in some samples is recrystallized 
into intergfown quartz domains. Spherulites up to 0.2 milimeters occur 
in some samples.

The upper member is restricted to the eastern region of the study 

area and has a maximum thickness of 130 meters. This member is 

interpreted as a single flow. It overlies the lower member, rhyolite 
porphyry (Trp) and a crystal-poor andesite (Ta) dome.

Crystal-poor Andesite (Ta)

Crystal-poor andesite forms an exogenous dome in the southeast 

portion of the study area which consists of mineralogically similar 

intrusive and extrusive facies. The unit is characterized by strong 
magnetism which deflects compass needles.
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Figure 32. Opaque material concentrated between spherulites in upper 
member, rhyolite porphyry (Trp). Light colored, circular regions are 
occupied by intergrown spherulites. Location: TA-894.
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In outcrop the intrusive facies is a dense, grey to black, fine
grained andesite. Pervasive light and dark grey bands are vertically 
oriented within this facies. Vertical joints are locally pervasive and 
parallel to flow banding (Figure 33). The extrusive facies is dark 
grey to black. Black scoria fragments up to 10 centimeters in diameter 
and vesicles up to one centimeter are present in the upper portion of 

the facies (Figure 34). Inclined flow bands are abundant as partings 
lined with hematite stain on a centimeter scale.

The basal contact of the extrusive facies displays a hetero- 
lithologic (pick-up) breccia containing highly-weathered clasts of the 
underlying lapilli-tuff (Ttl) and rhyolite porphyry (Trp). Clasts up 
to 10 centimeters are in a matrix of hematite-rich, black to red, 
aphanitic andesite.

Phenocrysts comprise up to 5 percent of this unit and in some 
locations the rock is aphyric. Phenocryst phases are quartz + sanidine . •
+ oligoclase + opaque ± hypersthene ± augite. Red-orange amphibole 
(oxyhomblende?) is present as euhedral crystals in one sample. The 

phenocryst component, although small for classification purposes, 

ranges from dacite to andesite (Figure 35). Quartz crystals are 
anhedral. Sanidine crystals are euhedral to anhedral, and display 

simple twins. Oligoclase is euhedral to anhedral and polysynthetically 
twinned. Some crystals of oligoclase are strongly resorbed (Figure 
36). Some crystals of sanidine and oligoclase have outer zones that 

contain high percentages of opaque material (Figure 36 and 37).
Crystals of hypersthene and augite are euhedral to anhedral and are 
commonly intergrown.
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Figure 33. Vertical joints in road-cut of crystal-poor andesite (Ta), 
intrusive facies. Location: TA-800.

Figure 34. Hand sample of crystal-poor andesite (Ta), extrusive 
facies. Note fragment of scoria in this sample. Location: TA-6.
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Figure 35. Ternary diagram of quartz, K-feldspar and plagioclase 
phenocrysts normalized to 100% for six samples of crystal-poor andesite 
(Ta). Fields are from IUGS classification for aphanitic rocks 
containing 10 % crystals. See Figure 8 for field labels. Data points 
are from point counts in Table 11, n > 2000.

Figure 36. Resorbed oligoclase phenocrysts from crystal-poor andesite 
(Ta). Note darker rim. Location: TA-891-g.
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Figure 37. Euhedral phenochryst (xenocryst ?) of sanidine from 
crystal-poor andesite (Ta). Note dark rim. Location: TA-891-g.

Crystal-poor andesite is composed of up to 15 percent opaque 

crystals and a considerable percentage of opaque microlites. Due to 

strong magnetism these opaque minerals are thought to be magnetite.

The matrix is composed of opaque and plagioclase microlites and 

glass. Abundance of plagioclase microlites is variable and some 

samples have trachytic texture. A minor portion of the matrix in some 

samples is partially recrystallized into small round quartz domains. 

These domains are arranged in bead-like chains parallel to flow 

foliation.

Outcrops of this intrusive facies are restricted to the south half 

of Section 33, T10N, R7W. A road-cut on U.S. Highway 12 provides good 

exposure of this intrusive andesite. This exposure is 800 meters wide
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and 350 meters high. Bands of light and dark grey andesite are 

vertically oriented within this facies, suggesting vertical flowage.

The intrusive facies grades upward into extrusive facies where 

flow bands range from horizontal to near vertical and typically dip 

toward the centrally located intrusive facies. The extrusive facies of 

has a maximum thickness of 120 meters. Underlying units include lower 

member, rhyolite porphyry (Trp) and lower member, lapilli-tuff (Ttl). 

This facies is overlain by the upper member,rhyolite porphyry (Trp).

Basalt (Tb)

This unit is a porphyritic, black basalt. Phenocrysts of 

labradorite, olivine, augite and hypefsthene compose up to 20 percent 

of this unit. The remainder consists of randomly oriented, euhedral 

labradorite microlites and cryptocrystalline material. Quartz 

xenocrysts are present in some samples. Vesicular outcrops are exposed 

at the top of this flow unit. Poorly developed columnar joints are 

exposed at a few outcrops. Weathered surfaces are dull grey to red in 

color.

This unit is exposed only in the northern portion of the study 

area, and extends north out of the area. It has a maximum exposed 

thickness of 200 meters within the study area. The basal contact is 

not exposed, but it is interpreted to unconformably overly the lower 

member, rhyolite porphyry (Trp) and red tuff (Ttr). This unit is 

overlain by unconsolidated gravel.
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Unconsolidated Sediment (Ts)

Unconsolidated sediment overlies all map units of the Avon 

volcanic complex and is composed primarily of unstratified, poorly- 

sorted, well-rounded cobble to boulder gravel. The.majority of the 

cobbles and boulders consist of rounded metamorphic, intrusive and 

volcanic , rock. The sediment fills the Avon Valley graben to 

considerable thickness (Bierwagen, 1964; Weber and witkind, 1979). 

These strata were deposited by alluvial fan, lacustrine, fluvial and 

glacial processes (Bierwagen, 1964). Oligocene vertebrate remains have 

been identified in the lacustrine-fluvial deposits by Bierwagen (1964).

In the study area this unit has over 150 meters of vertical 

section exposed in the valley bottom. It is also exposed on hills west 

of .the Avon Valley up to 50 meters above the top of the highest 

exposure in the valley bottom. A. two-meter thick bed of brown clay is 

exposed in the northeast portion of Section 10, T9N, R8W.
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STRATIGRAPHY

For the purpose of stratigraphic analysis, the study area is 
separated into three regions of semi-continuous outcrop (Figure 38). 
These regions are separated by normal faults or large covered areas. 

The east region is west of Sixmile Creek and Spotted Dog Creek.■ The 
north region is north of the Little Blackfoot River and east of Sixmile 

Creek and Carpenter Creek. The east region is east of Carpenter Creek 
and Spotted Dog Creek.

Most contacts between Avon volcanic units are not horizontal and 
many have over 200 meters of vertical relief. This is due to the 
lobate shape of rhyolitic lava flows, the rough topography that the 
lava flowed over, and extensive periods of erosion between volcanic 
eruptions which causes unit thickness to vary considerably.

Figure 39 is a graphical depiction of the stratigraphic 
relationships of the volcanic units in the three regions. Maximum 
exposed unit thicknesses are used in the three stratigraphic columns. 
Tie lines between columns are based on lithologic similarities and 
stratigraphic relationships.
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( T b )  Ba s a l t

( T a ) Crystal -poor  Andesi te 

( T r p )  Rhyol i te Porphyry  

( T f i )  L a p i l l i - t u f f  

( T f w . T f r )  Whi te Q R e d  Tuf f  

( T d )  Aphani t i c  Daci te

Figure 38. Generalized geologic map of the Avon volcanic complex 
depicting three regions of semi-continous outcrop: west (W), north (N), 
and east (E). For detailed geology see Plate I.
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Figure 39. Idealized stratigraphic columns showing maximum exposed 
thicknesses of the Avon Volcanic Complex map units. Map symbols are 
the same as used in Plate I. Upper and lower members are delineated by 
the letters 'u1 and 'I' in parentheses. Dashed contacts within lower 
member, rhyolite porphyry are inter-flow contacts. Unexposed contacts 
are represented by question marks (?) on contact lines.
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GEOCHEMISTRY

Eleven samples were analyzed for major and trace elements to aid 
in classification of units and to help understand the character of the 
Avon volcanic complex. Complete suites of samples from every member of 

the volcanic complex were not analyzed, so the following discussion 
should be considered preliminary.

Collection and Preparation
All volcanic map units with the exception of intrusive rhyolite 

were sampled. Sample sites were chosen that could yield the freshest 
samples. Each collection site is described in Appendix B.

With the exception of TA-1027 (lapilli-tuff), all samples are free 

of lithic fragments. All exposures of lapilli-tuff contain lithic 
fragments, and collection of samples containing heterolithologic 
fragments could not be avoided. Despite separation and removal of 

macroscopic fragments from crushed samples, a small quantity of 
.heterolithic fragments remained.

Thin section analysis of samples TA-901, TA-903, TA-1027, TA-914, 

TA-1041, TA-374 and TA-915 shows pervasive devitrification throughout 

the rhyolitic units. ' Sample TA-I036 contains approximately 1-5 percent 
xenocrysts of quartz which may give an elevated SiO^ content. Other 
than the above mentioned exceptions, all samples were fresh, unaltered
and free of contamination.
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Analysis and Results

Two of the samples (TA-374 and TA-519) were analyzed by the 
Montana Bureau of Mines and Geology, Butte, Montana. Major element 

determination was by lithium tetraborate fusion, dilute hydrochloric 
acid dissolution and inductively coupled argon plasma (ICAP) analysis. 
Major elements are reported in weight percent of oxide with a detection 
limit of 0.0200 percent. Trace element analysis was by acid 
dissolution and ICAP analysis with detection limits of I to 20 parts 
per million (ppm).

The remaining nine samples were analyzed by X-ray Assay Labora
tories Limited, Don Mills, Ontario, Canada. Analysis by X-ray fluores
cence (XRF) yielded quantities of ten major element and seven trace 
elements (Tables 2 and 3). Major elements are reported in weight 
percent oxide with a 0.0100 percent detection limit. Trace elements 
are reported in ppm with a 10.0 ppm detection limit.

Units of the Avon volcanic complex range from 52 to 80 weight 

percent SiO^. Barker diagrams indicate a linear relationship between 
most oxides versus SiOg (Figure 40). This linear relationship cannot 
be due to magmatic differentiation because the andesite (Ta) and basalt 
(Tb) are thought to be genetically unrelated to the other Avon volcanic 
complex units. The relative age relationships also do not support a 
magmatic differentiation trend. The eruptive sequence is: dacite- 
rhyolite-andesite-rhyolite-basalt.
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Table 2. Chemical analyses and CIPW normative minerals of rhyolitic 
rocks in the Avon volcanic complex.

Sample number 
Map unit

TA901 TA903 TAl027 TA914 TAl041 TA372
(Ttw) (Itr) (Ttl) (Trp) (Trp) (Trp)

TA519

Major elements (weight percent)
Si02 74.0 78.3 80.0 74.4 75.8 75.11 75.34
TiO 0.04 0.13 0.09 0.23 0.11 0.13 0.17
Al 203 15.2 10.5 9.2 12.9 12.7 12.18 11.49
Fe203 0.53 1.42 1.16 2.03 1.73 0.93 1.84
FeO nd nd nd nd nd 0.24 0.11
MnO 0.06 0.01 0.02 0.02 0.02 0.01 0.02
MgO 0.01 0.02 0.14 0.05 0.01 0.31 0.23
CaO . 0.08 0.18 0.39 0.75 0.33 0.40 0.82
Na20 4.90 1.49 2.49 3.00 4.16 1.95 2.93
K20 4.41 6.80 4.26 5.62 4.90 5.24 4.96
P205 0.02 0.05 0.04 0.05 0.03 0.16 0.17
LOI 0.54 0.23 1.62 0.70 0.54 nd nd
Total 100.0 99.2 99.9 99.9 100.4 98.51 99.49

Trace elements (parts per million)
Cr 20 20 20 20 20 12 9
Rb 1710 350 200 190 260 nd nd
Sr <10 . 30 20 80 <10 44 91
Y <10 60 40 20 70 nd nd
Zr 60 180 140 340 240 118 . 340
Nb 100 50 60 50 90 nd nd
Ba 170 270 150 510 80 nd nd

CIPW normative minerals

ap 0.04 0.11 0.09 0.11 0.07 0.35 0.38
il 0.07 0.25 0.17 0.44 0.21 0.25 0.28
mt 0.17 0.48 0.39 0.68 0.59 0.81 0.00
or 25.58 40.37 25.40 33.45 29.30 30.65 29.71
ab 40.70 12.67 21.26 25.57 35.63 16.34 25.14
an 0.26 0.57 . 1.58 3.42 1.46 0.93 3.00
di 0.00 0.00 0.09 0.00 . 0.00 0.00 0.00
hy 0.31 0.71 0.78 1.02 0.88 0.50 0.38
ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C 4.46 0.97 0.00 1.29 0.05 5.86 0.44
q 27.65 42.78 48.11 33.06 31.61 42.47 38.26
hm 0.00 0.00 0.00 0.00 0.00 0.36 1.87
tn 0.00 0.00 0.00 0.00 0.00 0.00 0.03
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Table 3. 'Chemical analyses and CIPW normative minerals of nonrhyolitic 
rocks of the Avon volcanic complex.

Sample number TAl044 TA893 TA902 TAl036
Map unit (Td) (Ta) (Ta) (Tb)

Major elements (weight percent)
Si02 66.9 58.0 60.4 52.8
TiO 2 0.46 2.16 1.33 . 1.34
Al 203 16.0 13.8 14.0 16.4
Fe203 3.16 0.50 8.45 8.89
FeO nd nd nd nd
MnO 0.04 0.14 0.10 0.16
MgO 0.77 2.38 1.34 4.67
CaO 2.99 4.94 3.72 8.09
Na20 4.39 3.37 3.69 3.44
K20 3.52 2.89 3.82 2.16
P205 0.20 0.36 0.56 0.51
L.0.1. 1.54 0.93 1.23 0.77
Total 100.4 99.6 98.9 99.5

Trace elements (parts per million)
Cr 40 30 20 170
Rb 70 130 130 30
Sr 1200 360 370 840
Y <10 50 60 30
Zr 130 210 330 120
Nb 40 40 40 40
Ba 2430 530 890 1380

CIPW normative minerals

ap 0.45 0.85 1.31 1.20
il 0.90 4.40 2.69 2.73
mt 1.09 3.75 3.00 3.18
or 21.37 18.26 23.94 13.68
ab 38.18 30.50 33.12 31.20
an 13.90 14.97 10.98 24.58
di 0.00 7.22 3.84 12.60
hy 2.73 6.94 5.28 9.11
ol 0.00 0.00 0.00 0.18
C 0.02 0.00 0.00 0.00
q 19.78 11.65 13.26 0.00
hm 0.00 0.00 0.00 0.00
tn 0.00 0.00 0.00 0.00
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Figure 40. Plots of weight percent oxides versus weight percent of
SiO2« FeO* is total iron. Solid circles = rhyolite porphyry (Trp); 
open circles = white tuff (Ttw), red tuff (Ttr), and lapilli-tuff 
(Ttl); square = aphanitic dacite (Td); open triangles = crystal-poor 
andesite (Ta); solid triangle = basalt (Tb).
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Normative Minerals

Normative' minerals were calculated using CIPW conventions and the 
results are given in Tables 2 and 3. Normative minerals were 
calculated by the "Barth-Niggli" or "percent cation equivalent" method 
for utilization of the Irvine and Baragar classification of volcanic 
rocks (Chayes and Metais, 1964).

Analyses by XRF report total iron as . The ratio of FeO . to 
total iron 0.74, which is typical of common calc-alkaline rhyolites, 
was chosen for normative mineral calculations (McBirney, 1984).

Classification

Streckeisen and.LeMaitre Classification
The Streckeisen and LeMaitre (1979) classification of volcanic 

rocks is based on CIPW normative quartz, anorthite, albite, ' and 
orthoclase. Rhyolite porphyry and the three tuff units (TA-901, TA-903 
and TAl027) plot in the alkali-feldspar rhyolite and rhyolite fields 
(Figure 40). Aphanitic dacite plots on the boundary between the 
rhyolite and dacite fields. Crystal-poor andesite plots in the quartz 

latite and andesite/basalt fields. Basalt plots in the andesite/basalt 
field.

Irvine and Baragar Classification

The Irvine and Baragar (1971) classification of common volcanic 

rocks is based on several sub-classifications. The sub-classifications 

which pertain to rocks of this study are illustrated in Figures 42-44, 
and the resultant rock names are given in Table 4.
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The Irvine and Baragar classification is preferred because it is 

based on a statistical study of large numbers of volcanic rocks and 

major types of natural associations (McBirney, 1984). The Streckeisen 

and LeMaitre classification is a modification of the IUGS 

classification for wholly crystalline rocks and is not well suited to 

common volcanic rocks.

Alkali-
feldspar
rhyolite

40
An  %

Q'

Figure 41. Streckeisen and LeMaitre (1979) normative classification of 
igneous rocks (from Barker, 1983). Field boundaries are best fit lines 
that separate chemically analyzed rocks named according to the modal 
scheme (Figure 8). Normative minerals were calculated by CIPW method 
An% = 100 an/(an + ab). Q 1 = 100 q/(q + or + an + ab). Solid circles 
= rhyolite porphyry (Trp); open circles = white tuff (Ttw), red tuff 
(Ttr), and lapilli-tuff (Ttl); square = aphanitic dacite (Td); open 
triangles = crystal-poor andesite (Ta); solid triangle = basalt (Tb).
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Wt % SiO2

Figure 42. MacDonald and Katsura (1961) plot of eleven analyses from 
the Avon volcanic complex. The solid line makes a general distinction 
between alkaline and subalkaline compositions (Irvine and Baragar, 
1971). Plots are in weight percent of oxides. Solid circles = 
rhyolite porphyry (Trp); open circles = white tuff (Ttw), red tuff 
(Ttr), and lapilli-tuff (Ttl); square = aphanitic dacite (Td); open 
triangles = crystal-poor andesite (Ta); solid triangle = basalt (Tb).
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F

T h o le i i t i c

C a lc -a lka l ine

Figure 43. AFM plot of eleven analyses from the Avon volcanic complex. 
A = Na20 + K20; F = FeO + 0.8998 Fe203; M = MgO, all in weight percent. 
The dashed line serves to separate tholeiitic and calc-alkaline 
compositions (Irvine and Baragar, 1971). Solid circles = rhyolite 
porphyry (Trp); open circles = white tuff (Ttw), red tuff (Ttr), and 
lapilli-tuff (Ttl); square = aphanitic dacite (Td); open triangles = 
crystal-poor andesite (Ta); solid triangle = basalt (Tb).
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Basalt

Andesi te

Daci te

Rhyol i te

o  #

A n  %

Figure 44. Plot of normative color index versus normative plagioclase 
composition for eleven analyses from the Avon volcanic complex. Color 
index = 01 + Di + Hy + Mt + Il + Hm. An% = 100 An/(An + Ab). 
Normative minerals have been calculated by percent cation equivalent 
method. Dividing lines for distinguishing basalts, andesites, dacites 
and rhyolites of subalkaline rocks (Irvine and Baragar, 1971). Solid 
circles = rhyolite porphyry (Trp); open circles = white tuff (Ttw), red 
tuff (Ttr), and lapilli-tuff (Ttl); square = aphanitic dacite (Td); 
open triangles = crystal-poor andesite (Ta); solid triangle = basalt 
(Tb).
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Table 4. Irvine and Baragar (1971) classification of units of the Avon 
volcanic complex.

Sample
number

Map
unit

MacDonald and 
Katsura (1961) AFM

Rock
name

TA901 White tuff (Ttw) Subalkaline Calc-alkaline Rhyolite

TA903 Red tuff (Ttr) Subalkaline Calc-alkaline Rhyolite

TAl027 Lapilli-tuff (Ttl) Subalkaline Calc-alkaline Rhyolite

TA914 Rhyolite porphyry (Trp) Subalkaline Calc-alkaline Rhyolite

TAl041 Rhyolite porphyry (Trp) Subalkaline Calc-alkaline Rhyolite

TA473 Rhyolite porphyry (Trp) Subalkaline . Calc-alkaline Rhyolite

TA519 Rhyolite porphyry (Trp) Subalkaline Calc-alkaline Rhyolite

TAl044 Aphanitic dacite (Td) . Subalkaline Calc-alkaline Dacite

TA893 Xl-poor andesite (Ta) Subalkaline Tholeiitic Andesite

TA902 Xl-poor andesite (Ta) Subalkaline Tholeiitic Andesite

TAl036 Basalt (Tb) Subalkaline Calc-alkaline Basalt
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Alkali-Lime Index
Figure 45 is an alkali-lime plot devised by Peacock (1931) for 

classifying entire suites of genetically related rocks. The suite of 

chemical analyses for rocks of this study gives an alkali-lime index of 
57 which is in the calk-alkaline range (56 to 61).

It is not clear whether all of the rock units in the Avon volcanic 
complex are genetically related. The basalt may be considerably 
younger than the rest of the volcanic complex. The aphanitic dacite 
is thought to be older than the volcanic complex and an outlier of the 
east Garnet Range volcanic field. Without the use of these data points 
statistical validity is reduced and the alkali-lime index is less than 
51 which is in the alkalic range.

Alumina Saturation
The sample results were analyzed for alumina saturation. All of 

the rocks analyzed are peraluminous based on Shand's (1951) criteria: 

AlgOg > (CaO + NagO + KgO), all in weight percent. This is expected 
for corundum-normative rocks.

Quartz-Albite-Orthoclase Ternairy System

Figure 46 is a plot of normative quartz, albite and orthoclase 

and temperature minima in the NaAlSigOg - KAlSigOg - SiOg system at 
various vapor pressures. The rhyolite porphyry and the tuff units plot 
near the average granitic rock composition on the orthoclase side of 
the temperature minima at vapor pressures between 0.5 and 3 kilobars.

J
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57 60
Wt % SiO2

Figure 45. Samples of Avon volcanic complex units plotted on Peacock's 
(1931) alkali-lime diagram. Solid circles represent CaO content; open 
circles represent Na20 + K20 content. Alkali-lime index is 
approximately 57. Calk-alkaline field is from 56 to 61.
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Q

Figure 46. Normative (CIPW) quartz and feldspar compositions of 
rhyolite porphyry, white tuff, red tuff, and lapilli-tuff plotted in 
the quartz-feldspar ternary system. Solid curves represent quartz- 
feldspar boundaries and temperature minima at 0.5, 2, 3, 5 kilobars 
vapor pressure (Tuttle and Bowen, 1958; Luth and others, 1964). Solid 
circles = rhyolite porphyry (Trp); open circles = white tuff (Ttw), red 
tuff (Ttr)1 and lapilli-tuff (Ttl). Shaded region represents average 
granitic rock composition.
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FLOW DIRECTION

Background

Flow foliation patterns in viscous lava flows have been used to 
determine the directions of lava flowage. Williams (1942) analyzed 
flow foliation patterns in a well-exposed, dacite flow at Crater Lake, 

Oregon (Figure 47). He demonstrated a strong correlation between 
foliation patterns and flowage direction. Typically, foliation dip is 
opposite to the flowage direction or toward the source of lava. Convex 
sides of large-scale folds orient toward the direction of flowage.

Figure 47. Flow patterns in a dacite lava dome at Crater Lake, Oregon. 
After Williams (1942).
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Christiansen and Lipman (1966) used flow foliation data as one 
line of evidence to establish emplacement history of partially exposed 

Pliocene rhyolite flows at Fortymile Creek, Nevada. Figure 48 depicts 

the model developed for flow foliation patterns in this study. Flow 
foliation at Fortymile Creek curves gently upward from horizontal at 
the base of a flow to near-vertical in the upper region with the dip 
direction opposite to flow direction.

Flow Structures, Avon Volcanic Complex

The rhyolite porphyry in the study area is strongly foliated on a 
centimeter- to meter-scale and concentrically folded at many locations. 
Flow directions deterined by the method of Christiansen and Lipman 
(1966) correlate with flow directions determined from a well-preserved 
flow-front in the southwestern portion of the study area.

Some foliation patterns indicate flowage opposite to expected flow 
directions. This inconsistency is attributed to: (I) overturned tops 
of large flow folds; (2) paleotopographic roughness at the base of the 

flow; or (3) small ancillary folds within larger flow patterns. 
Ancillary folds in the Fortymile Creek rhyolite are interpreted to have 
been produced by shearing between flow bands (Christiansen and Lipman, 

1966) (Figure 48).

Flow Direction Analysis Methods

Methods were developed during this study to determine flow 

directions throughout the rhyolite porphyry and crystal-poor andesite 
exposures in the study area. Local flow directions are displayed on
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attitude and flow direction.

Figure 48. Model developed for flow structures in rhyolite of Forty 
Mile Creek, Nevada. After Christiansen and Lipman (1966).
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Plate I by arrows pointing in the direction of flow (— c—). Where 
data support two opposite flow directions bidirectional arrows point in 
both possible flow directions (-<?— Cs-).

Typical data sets for flow direction arrows on Plate I were 
determined from 3 to 15 flow foliation measurements taken from as many 
outcrops as possible within an area up to 100 meters radius. 
Individual foliation measurements are, converted to tentative flow 
directions and these were graphically averaged while still in the 

field. Quality of data and outcrop exposure was considered in the 
averaging process. Data sets of tentative flow directions generally 
vary less than 20°.

Some flow directions on Plate I were determined from single, well- 

exposed outcrops of large-scale flow structures. Single outcrops with 
flow directions from poor exposures were also used if they indicate 

flow directions consistent with adjacent areas of better exposure. 
Figures 49-52 illustrate flow structures in rhyolite porphyry (Trp).

Regional Flow, Rhyolite Porphyry (Trp)

The study area is divided into three regions of semi-continuous 
outcrop for flow direction analyses. These regions are the same ones 
used for stratigraphic analysis and are illustrated in Figure 38. 
Figure 53 is a schematic representation of the best possible 
reconstructed flow patterns of rhyolite porphyry.

North Region
Flow directions in the northern region show no regional trend. 

Many flow directions are inconsistent with adjacent flow directions and
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Figure 49. Flow structure in rhyolite porphyry. Flowage of lava was 
from left to right.

Figure 50. Flow structure in rhyolite porphyry. Flowage of lava was 
from left to right.
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Figure 51. Flow structure in rhyolite porphyry. Flow direction of 
lava was from right to left.

Figure 52. Flow structure in rhyolite porphyry near flow front in 
Section 14, T9N, R8W. Flow direction was from left to right.
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Figure 53. Schematic model of paleo-flow pattern for rhyolite porphyry 
of the Avon volcanic complex. Shaded flow represents upper member. 
Flow arrows are derived from flow direction indicators on Plate I. The 
outline of the study area shown is the same as for Plate I.
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produce chaotic patterns. Flow-folds are more abundant in this region 
and some form repetitive synform-antiform complexes.

West Region

The dominant flow direction in the west region is to the south and 

southwest. Flowage terminates at a flow front in the southern portion 
of this region. Three individual lava flows have been identified.

An arcuate contact between rhyolite porphyry and underlying 
country rock in Sections 16, 17, 21 and 22, T9N, R8W is interpreted as 

a segment of a lobate flow-front based on; (I) a break in topographic 
slope along the contact; (2) absence of rhyolite in front of the 
proposed flow-front; and (3) flow structures behind the flow-front 
which indicate flowage toward the flow-front. Rhyolite porphyry 
directly behind this flow-front is a single, viscous lava flow with a 
maximum thickness of 160 meters. The present slope of the underlying 
country rock erosion surface beneath this flow is 1.6° to the north. 

Lack of evidence of north-south tilting suggests that the land surface 
sloped similarly to the north at the time of lava flowage.

East Region

The dominant flow direction in this region is to the south and 

southeast. The flow terminates against Paul Mountain in the southern 

portion of the region where two individual flows have been recognized.
Flow directions suggest that a large southward moving flow of 

rhyolite porphyry encountered Paul Mountain and flowed around its west 

and northeast flanks. The country rock core and an older, 100-meter 
thick exposure of white tuff on the north flank of Paul Mountain
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underlie rhyolite porphyry at this location. Paleoslope measurements 
of the erosion surface beneath the rhyolite porphyry suggest that Paul 
Mountain was also prominent at the time of rhyolite . porphyry 
deposition.

Regional Flow, Crystal-Poor Andesite (Ta)

Flow direction data indicate that crystal-poor andesite (Ta) forms 
an exogenous dome with its vent centrally-located 4 kilometers west of 

Elliston. Vertical flow foliation is well-exposed in a stock 260 
meters below the vent at a road-cut on Highway 12. Extrusive lava 
flows of the dome display flow foliation consistent with Christiansen 
and Lipman1s model. Only three outcrops are suitable for flow 
direction analysis, but all three indicate that flowage was away from 
the proposed vent area (Plate I).
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STRUCTURAL GEOLOGY

Structural features in and around the study area are grouped into 
two categories: (I) Late Cretaceous-Eocene (72-48 Ma), Sevier-style 
thrust faults and folds; and (2) Eocene to Recent normal faults. 
Sevier-style structures are older than, and overlain by Avon volcanics 

(39 Ma) and Garnet Range volcanics (45-̂ 43 Ma) (Callmeyer, 1984). 
Eocene to Recent normal faults offset the Avon and Garnet Range 
volcanics.

Pre-Eocene Deformation

Western Montana underwent a period of east-west shortening during 

the Sevier Orogeny from 72 Ma (Mudge, 1982) to 48 Ma (Harlan, 1986). 
Shortening was accommodated in the vicinity of the study area by north- 

south to northwest-trending thrust faults and concentric folds. The 
region is dominated by the following structural elements: (I) The N40W- 
trending Garrison anticline and associated syncline, located northwest 

of the study area (Callmeyer, 1984); (2) the N60W-trending Clarks Fork 
Sag (syncline), located northwest of the study area (Wiedman, 1961); 
and (3) several thrust faults striking northwest north and west of the 

study area (Callmeyer, 1984; Peterson, 1985), and north-south south of 
the study area (Derkey, 1986). Many of the thrust faults have younger^ 
over-older relationships indicating that the strata dipped steeper 
than the thrust plane (Wallace and others, 1981; Ruppel and others.
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(Peterson, 1985).
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faults dip to the west, but a few dip east

The change in orientation of thrust faults from northwest in the 
north to north-south in the south appears to be gradual. Structural 
trends in the study area are approximately N20W. Callmeyer (1984) 
attributes the change in orientation to buttressing of Sapphire Plate 
by a parautochthonous block of Precambrian Y Belt rocks to the north. 
Structural trend rotates southward (clockwise) as distance from the 
buttress is increased.

Most of the pre-Eocene rocks observed in the study area are 
massive sedimentary and volcanic units that do not display folds and 
faults well. Nonetheless, a pervasive, regional, subparallel fracture 
system is displayed in Cretaceous (79-73) Elkhorn Mountains Volcanics. 
These fractures are not displayed in Garnet Range volcanics (47 Ma) or 
younger rocks. Most of the fractures strike approximately NlOW and dip 
steeply to the southwest (Figure 54). The fractures parallel thrust 
faults and increase in abundance near fault planes (R. E. Derkey, pers. 
comm., 1987). It is proposed that these fractures developed between 79 

Ma and 47 Ma in response to the same stress field that produced thrust 
faults in the region.

Eocene to Recent Deformation

The study area is located at the southern termination of the 30- 
kilometer long, N40W-trending Avon Valley graben, which dominates the 
local physiography. Normal faulting predominated in this area from 

Eocene to Recent time (Callmeyer, 1984; Stickney, 1978). Most of the
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Figure 54. Equal area net projection of poles to strike and dip of 123 
measurements of fracture orientations in pre-Eocene volcanic rocks.
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normal faults parallel the Avon Valley, and many are small-offset 
terminations of larger, basin-bounding faults. Normal faults range 
from a maximum estimated displacement of 360 meters in the northern 
portion of the study area to near-zero in the southern portion (Plate 
I). Normal faults generally dip steeply. Exposed fault surfaces dip 
50° and 64° in the southeast quarters of Section 9, T10N, R8W and 
Section 30, T9N, R7W, respectively. Striations on slickensided 
surfaces rake 90° (vertical).

An east-west trending normal fault with a minimum displacement of 
230 meters is postulated in the Little Blackfoot River valley from 
Section 36, T10N, R8W, to the eastern boundary of the study area and 
beyond (Plate I). Presence of this fault is based on: (I) displacement 

of the upper member of the rhyolite porphyry and extrusive facies of 
the crystal-poor andesite across the Little Blackfoot River; (2) 

displacement of the proposed volcanic vent (Figure 53) below the base 

of the flows on the north side of the Little Blackfoot River; and (3) 
linearity of the Little Blackfoot River valley.

Normal Fault Orientations

Normal faults in the area inherited their orientations from an 
older fracture system. This phenomenon is recognized throughout 
western North America where extensional deformation has, in many cases, 
been superimposed upon thrusted terrane (Fields and others, 1985). 

Eaton (1979) describes normal faults of the Great Basin as listric 
which sole into thrust zones at depth. Constenius (1982) describes 
similar relationships for normal faults in the vicinity of the Flathead
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River Valley in western Montana. Gallmeyer (1984) has identified a 
normal fault northeast of the study area that merges laterally with a 
pre-Eocene thrust fault.

Most normal faults in the study area dip steeply and strike 
parallel to an older, pervasive fracture system described above. The 
top half of the rose diagram in Figure 55 depicts normal fault 
orientations and the bottom half depicts the strike of the fractures 
from Figure 54i The strong correlation between the two halves of the 
rose diagram suggests a control imparted on the normal faulting by the 
preexisting regional system. Therefore, it is proposed that normal 

faulting reactivated thrust faults or the fracture system during 
extension.

Normal Fault Timing

Evidence indicates that basin development began during or shortly 
after emplacement of the Avon volcanic complex. All Avon volcanic 
units, with the exception of the upper member, rhyolite porphyry (Trp) 

and basalt (Tb), display evidence of deep erosional entrenchment. 
Conversely, the highly-vesicular, easily erodable upper member rhyolite 
porphyry (Trp) is intact. It is proposed that this unit was preserved 
because it was covered by basin-filling sediment very shortly after it 

was erupted. This abrupt change from an erosional to a depositional 
regime may be explained by basin development in the Avon Valley graben. 

This places the lower limit of basin development, and thus normal 

faulting, at or shortly after 39.8 Ma. Stickney (1978) reports that 
normal faulting is still active in the area.
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Figure 55. Rose diagrams of orientations of 51 kilometers of normal 
faults in the study area (top), and 116 strike directions of pervasive 
fractures from Figure 54 (bottom).
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EMPLACEMENT SEQUENCE

The Avon area experienced six episodes of volcanic eruption 
separated by at least four periods of extensive erosion and deep 
entrenchment during Eocene time. Following cessation . of volcanic 

activity local normal faulting (extension) produced the horst and 
graben physiography which exists today. Figures 56 and 57 are 
schematic cross sections which depict stratigraphic and erosional 
relationships within the Avon volcanic complex.

The basal contact of the Avon volcanic complex has over 700 meters 
of vertical relief which represents the surface topography at the time 
of volcanism. The oldest Eocene volcanic unit in the area, the 

aphanitic dacite (Td), erupted onto this surface. It is geochemically 
similar to; and thought to be an outlying outcrop of the Garnet Range 

volcanics which were emplaced at approximately 44 Ma. Following 
emplacement, erosion isolated the Avon rocks from the main body of 
Garnet Range volcanics.

The first units of the Avon volcanic complex proper to be emplaced 

were the red (Ttr) and white (Ttw) tuffs. Red tuff was emplaced from a 

relatively small but violent eruption. It was a block and ash flow 

contained by surrounding highlands. Dense welding indicates it was 
quite hot when emplaced.
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IOO meters

Figure 56. Schematic cross section of the western portion of the Avon 
volcanic complex. The paleo-valley marked 1A 1 trends east-west and 
parallel to the modern Little Blackfoot River. The paleo-valley marked 
tB * trends north-south and parallels the modern Spotted Dog Creek.
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IOO meters

Figure 57. Schematic cross section of the eastern portion of the Avon 
volcanic complex. The paleo-valley marked 1A1 trends east-west and is 
parallel to the modern Little Blackfoot River.
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The white tuff (Ttw) was deposited, at least in part, as a 

volcaniclastic, hyperconcentrated flood-flow or debris flow (Smith, 
1986). Authigenic albite cement in clasts suggests that material in 
this unit was present in a thick deposit that underwent diagenesis 
prior to remobilization and final deposition. Age relationships 
between the red and white tuffs are not known, but they could possibly 

be derived from the same eruption event. Following eruption of white 
tuff parent material, there was quiescence in volcanic activity long 
enough for reworking and redeposition of the unit.

Volcanic activity resumed with eruption of voluminous amounts of 
lower member, lapilli-tuff (Ttl). This was probably in the form of an 
ash flow produced from the collapse of an eruption column (Fisher and 
Schmincke, 1984). Lapilli-tuff (Ttl) was deposited in a paleo-valley 
that was at least 300 meters deep in the central portion of the study 
area (Figure 57). Outcrops of lapill-tuff (Ttl) are not found outside 
the study area indicating that the hot density ash-flow was either 
contained by surrounding highlands, or all distal deposits have been 
removed by erosion. The location of the vent from which this tuff 

erupted is unknown, but it is thought to be beneath the thick tuff 
deposits in the central portion of the study area.

Following this violent eruption was a period of volcanic 

quiescence during which over 400 meters of relief was cut into the 
lapilli-tuff which probably had an originally flat upper surface. 
Depressions marked by the letter 1A 1 on Figures 56 and 57 represent 
deep erosional cuts that have been recognized in the lapilli-tuff at 
the eastern and western limits of the study area. These depressions
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are probably part of an east-west stream valley which parallels the 
modern Little Blackfoot River. The letter 'B' represents a smaller, 
buried stream valley, a tributary to the larger valley 1A 1. Valley 'B' 
parallels the modern Spotted Dog Creek.

Volcanic activity resumed with emplacement of the upper member of 
the lapilli-tuff. This volumetrically small unit is thought to be an 
air fall deposit from a minor or distant eruption. Fluvial channels 
located in one exposure "indicate reworking where deposits of this unit 
are preserved within depressions on a paleo-erosion surface.

Dikes of glassy rhyolite (Trg) intrude lower member, lapilli-tuff 
(Ttl) and appear to be cross cut by the crystal-poor andesite (Ta). 
This places the time of emplacement of the glassy rhyolite (trg) after 
the lapilli-tuff (Ttl) but prior to the crystal-poor andesite (Ta).

Lower member rhyolite porphyry (Trp) erupted as two or, possibly, 
three viscous lava flows. Flow direction data indicate the third 
(uppermost) flow is part of the second flow that breeched the upper 
crust of the lava flow and flowed out over its upper surface (Figure 

56). The viscous, lobate rhyolite porphyry (Trp) flows moved southward 
from a vent in the northern portion of the study area (Figure 53). The 
basal contact of the rhyolite porphyry exposed along Spotted Dog Creek 

indicates lava flowed up a gentle slope for its last 2 to 5 kilometers. 
This surface may have been tilted by post-eruptive normal faulting, but 
this is unlikely because the slope is parallel to the normal faults in 

the area. To drive this uphill flow■the top of the lava flow above the 
vent must have been higher than the top of the lava flow at its 

southern termination (Figure 56). The rhyolite terminated against Paul
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Mountain in the eastern portion of the study area, and as steep flow 
fronts on the gentle topography in the west (Figures 56 and 57). 
Another period of volcanic quiescence followed this lava eruption when 
weathering formed a soil on the surface of the lower member rhyolite 
porphyry (Trp).

Crystal-poor andesite (Ta) was emplaced as an exogenous dome that 
intruded lapilli-tuff and rhyolite porphyry and flowed over their upper 
erosion surfaces. The extrusive facies of the andesite picked up 

weathered clasts of lower member, rhyolite porphyry (Trp). The 
intrusive (vent) area was located approximately 8 kilometers southwest 
of the main vent which erupted the lower member of the rhyolite 
porphyry.

The upper member of the rhyolite porphyry vented in the northern 
portion of the study area and flowed southward over the lower member, 

rhyolite porphyry (Trp) and the andesite (Ta) dome. The location of 
the upper member vent is unknown, but it could be the same as for the 
lower member (Figure 53).

Basalt (Tb) flowed over units of the Avon volcanics in the 
northern portion of the study area sometime following the emplacement 
of the youngest rhyolite porphyry (Trp). Timing of this eruption is 
unknown but Peterson (1985) reports that the basalt directly overlies 

the rhyolite.
A sequence of fan, fluvial, lacustrine and glacial deposits buried 

the Avon volcanic complex sometime after its eruption. The modern 
physiography was produced by renewed erosion and excavation in which 

the Little Blackfoot River and its tributaries played a major role.
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The Little Blackfoot River in the western portion of the study area has 
produced a 300—meter—deep canyon through Quaternary and Tertiary 
sediment. Eocene volcanic rocks, and Paleozoic and Mesozoic sedimentary 
and volcanic rocks. Spotted Dog Creek has cut a narrow, 200-meter- 
deep canyon into Avon volcanic rocks south of the town of Avon.
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TECTONICS

Regional Tectonic History

During late Cretaceous to early Tertiary time, the oceanic 
Farallon plate was subducting eastward beneath the western margin of 
North America (Chadwick, 1985). This Benioff-type subduction produced 
erogenic, calc-alkaline magmatism which manifested in Idaho and western 
Montana as the Elkhorn Mountains Volcanics, Boulder batholith, Challis 
Volcanics, and Gallatin-Absaroka Volcanics. Thrusting and folding of 
Sevier and Laramide erogenic styles accompanied and pre-dated this 
magmatism.

During Eocene time, a vast magmatic arc extended across British 

Columbia, northeastern Washington, Idaho, and western Montana

(Chadwick, 1985). It is thought that the subduction angle flattened 
during this period causing magmatism to spread as far inland as the 
Black Hills of South Dakota (Coney and Reynolds, 1977). The Lowland 
Creek Volcanics and the Garnet Range volcanics were erupted during this 
period. In middle Eocene time (<49 Ma), shortening deformation ceased 

but magmatism continued (Callmeyer, 1984).
During mid-Tertiary time, compressions! tectonism was coming to an 

end in western North America and extensional tectonism was beginning 

(Elston, 1984; Fields and others, 1985; Harlan, 1986). Table 5
summarizes the tectonic style and magmatic evolution during this 
period. In western Montana this change was manifested by: (I)
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cessation of thrust and reverse faulting; (2) initiation of normal 
faulting; (3) a shift in magmatism from intermediate calk-alkaline to 
silicic and bimbdal; and (4) an overall decrease in magmatism 

(Chadwick, 1985; Fields and others, 1985; Fritz and Harrison,1985; 
Mudge, 1982). This change in regime is thought to have been produced 
by a steepening of the previously flattened subduction angle (Dickinson 
and Snyder, 1978). By early Oligocene time, volcanism in west-central 
Montana ceased. The Avon volcanic complex was erupted during this 
period of change, and it reflects the variation in volcanic style 
taking place in the region.

Table 5. Tectonic style and magmatic evolution of western Montana and 
eastern Idaho (from Fields and others, 1985)

Tectonic Style mybp Magmatic Evolution

Convergence related 
compression

>40 andesitic/qtz.-Iatitic 
composition

Convergence related 
intra-arc extension

■ ± 40-20 basaltic andesitic 
flows

'g rhyolitic tuffs
Convergence related 
back-arc extension

± 20-10 rhyolitic ash-flow 
"O tuffs

Extension related 
to cessation of 
convergence

<10 tholeiitic and 
alkalic basalts
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Tectonic Significance

The formation of the Avon volcanic complex, and the greater Helena 
volcanic field indicates that extensional-type magmatism was active by 

40 Ma. Fields and others (1985) attribute this rhyolitic magmatism to 
intra-arc or back-arc extension associated with subduction of the 
Farallon Plate. Basin development began during or shortly after 
emplacement of the Avon volcanic complex. It is concluded that the 
tectonic regime in west-central Montana shifted from compression to
extension at 39.8 Ma.
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SUMMARY

The rocks of the Avon volcanic complex were restricted to a north- 
south trending, ■ south-sloping valley and had an aggregate maximum 
aerial coverage of 190 square kilometers. The volcanic units were 
emplaced in six eruptive events which initiated with minor rhyolitic 
ash-flows, air-falls, debris-flows and intrusions and climaxed at 39.8 
Ma with large eruptions of rhyolite lava. An exogenous dome of 
andesite (Ta) erupted at the same time as the voluminous rhyolite lava 
(Trp). The underlying aphanitic dacite (Td) and overlying basalt (Tb) 
are not genetically related to the rhyolitic and andesite units of the 
Avon volcanic complex proper. The vent which extruded the rhyolitic 

units is generally located near the town of Avon, Montana.

Normal faulting which formed the Avon Valley commenced during or 

shortly after eruption of the Avon volcanic complex. Rhyolitic 

magmatism and normal faulting indicate a change from a compressional 
tectonic regime to an extensional regime at or about 39.8 Ma. This 
extension is thought to be due to intra-arc or back-arc extension 
related to subduction of the Farallon Plate beneath North America.
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Table 6. Microscopic petrography of red tuff (Ttr) and white tuff 

(Ttw). Mineral percents are of total crystal population. 
Grain sizes are maximum diameter measured. Colors are in 
plane polarized light.

sample
number unit

%
xtals

points
counted qtz. san. Plag. opaque

552-a Ttr 16% 1161 24%
1.1mm

0
0.8mm

<1%

903 . Ttr 8% 2580 81%
1.6mm

19%
0.5mm

0 <1%

871 Ttw 7% 2494 60%
0.6mm

32%
0.5mm

8%
1.1mm

<1% .

Table 7. Microscopic petrography of glassy rhyolite (Trg). Mineral .
percents are of total crystal population. Grain sizes are 
maximum diameter measured. Colors are in plane polarized 
light.

sample
number

%
xtals

points
counted qtz. san. plag. amph. opaque

599. . 14% 1220 68%
2.6mm

31%
3.3mm

' 1% 
0.2mm

0 <1%

1064 14% 1360 36%
2.3mm

56%
2.1mm

8%
0.8mm

<1%
0.3mm
brn-blk

<1%
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Table 8. Microscopic petrography of lapilli-tuff (Ttl). • Mineral

percents are of total crystal population. Grain sizes are
maximum diameter measured. Colors are in plain polarized
light.

sample unit % 
number member xtals

points
counted qtz. san. plag. bio. amph. opq.

311 lower 13% 1188 51%
1.6mm

33%
1.3mm

12%
2.2mm

3%
1.0mm
brn-blk

0 <1%

429-b lower 13% 1153 50%
1.2mm

45%
1.6mm

5%
0.5mm

0 <i%
0.4mm
gm-brn

<1%

485 lower 11% 2528 55%
2.8mm

44%
1.5mm

1%
0.3mm

0 0 <1%

527 lower 8% 5530 51%
0.8mm

36%
1.5mm

9%.
0.8mm

3%
0.5mm
brn-blk

0 <1%

544 lower 18% 1226 47%
1.2mm

31%
1.4mm

18%
I. Omrn

3%
0.9mm
brn-blk

<1%
0.4mm
brown

<1%

549 lower 18% 1435 59%
1.4mm

34%
1.0mm

3%
1.2mm

2%
0.7mm
brn-blk

1%
0.6mm
tan-bm

2%

552-d lower 17% 1347 58%
2.2mm

42%
5.6mm

0 <1% **
0.2mm
tan-grn

0 <1%

1057 lower 15% 1890 57%
1.4mm

31%
1.3mm

11%
0.9mm

0 0 1%

256 lower 14% 1760 46%
1.4mm

35%
2.3mm

15%
4.5mm

0 0 1%

608 upper 5% 3990 46%
1.9mm

45%
I. Imm

7%
0.3mm

0 1%
0.6
brn-blk

<1%

1063 upper 7% 4340 44%
0.7mm

36%
0.6mm

16%
0.9mm

4%
0.3mm
brn-blk

0 1%

** = secondary minerals.
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Table 9. Microscopic petrography of lower member, rhyolite porphyry
(Trp). Mineral percents are of total crystal population.
Grain sizes are maximum diameter measured. Colors are in
plane polarized light.

sample
number

%
xtals

points
counted qtz. san. plag. bio. amph. opaque

130 27% 1113 35%
2.5mm

35%
2.5mm

30%
2.3mm

0 0 2%

342 14% 1870 46%
1.7mm

39%
2.8mm

10%
1.0mm

3%
0.8mm
bm-blk

0 2%

421 28% 989 48%
2.3mm

36%
3.8mm

12%
1.7mm

0 0 4%

429-a 27% 1041 46%
4.5mm

54%
5.8mm

. 0 0 0 <1%

609 14% 1363. 29%
1.5mm

57%
1.7mm

13%
0.5mm

0 <1%
0.3mm
bm-blk

<1% ■

618 15% 1239 41%
2.5mm

59% .. 
3.5mm

0 0 0 2%

711 16% 1595 54%
2.7mm

40%
3. Omrn

4%
2.4mm

1% ** 
0.2mm 
tan-brn

0 1%

893-6 16% 1331 47%
2.6mm

. 46% 
2.0mm

7%
0.7mm

0 <1%
0.5mm
bm-blk

<1%

907 17% 2322 64%
4.4mm

28%.
3.8mm

8%
1.0mm

<1% **
0.2mm
tan-bik

0 <1%

914 22% 1419 31%
3.8mm

53%
3.8mm

11% . 
1.9mm

0 0 6%

** = secondary minerals.
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Table 10. Microscopic petrography of upper member, rhyolite porphyry 

(Trp). Mineral percents are of total crystal population. 
Grain sizes are maximum diameter measured. Colors are in 
plane polarized light.

sample
number

%
xtals

points
counted qtz. san. plag. bio. amph. opaque

892-b 7% 1185 39%
2.2mm

37%
2.2mm

20%
0.8mm

<1%
0.3mm
brn-blk

2%
I. Ornm 
gm-brn

2%

894 2% 5250 33%
0.6mm

19%
1.3mm

20%
1.2mm

10% **
0.1mm
tan-brn

0 17% * *

895 1% 4760. 38%
0.9mm

8%
I. Ornm

1%
0. Imm

7% ** 
0.4mm 
tan-brn

0 45% **

900-b 7% 4480 40%
2.5mm

57%
3.5mm

2%
0.7mm

0 0 <1%

986 7% 3920 38%
0.5mm

55% ' . 
I. Omrn

3%
0.5mm

0 0 4%

1030 19% 1306 31%
1.5mm

50%
1.1mm

19%
0.8mm

0 0 <1%

1041 7% 4260 26%
1.7mm

72%
3.5mm

1%
1.0mm

0 0 1%

** = secondary minerals.
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Table 11. Microscopic petrography of crystal-poor andesite (Ta).
Mineral percents are of total crystal population. Grain
sizes are maximum diameter measured. Colors are in plane
polarized light.

sample % points
number xtals counted qtz. san. plag. amph. opx cpx opq
601-a 2% 2014 22%

1.7mm
9%

I. Omrn
47%
1.4mm

0 0 0 22%

601-b 3% 4740 18%
0.6mm

18%
I. Imm

49%
2.1mm

0 0 0 14%

891-b . 3% 5180 27%
2.0mm

9%
0.8mm

49%
1.8mm

0 0 0 15%

891-g 3% 5180 6%
0.6mm

5%
0.8mm

68%
3.3mm

0 1%
0.8mm

7%
0.6mm

12%

893 5% 5390 6%
0.6mm

3%
0.4mm

66%
5.8mm

7%
0.7mm
org-red

0 11%
0.5mm

7%

902 2% 10041 2%
1.0mm

2%
1.8mm

59%
1.3mm

0 15%
1.8mm

12%
1.0mm

10%
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Table 12. Locations of geochemistry and microscopic petrography
samples. Geochemistry samples are denoted by the word
chemistry below the sample number and include detailed
outcrop descriptions.

TA-6

TA-7

TA-130

TA-141

TA-256

TA-285

TA-311

TA-342

Crystal-Poor Andesite. (Tq) [extrusive facies] 
S 1/2, Section 5, T9N, R7W
Low lying outcrop on south side of forest road. 
Red Tuff. (Ttr)

NW 1/4, NW 1/4, NE 1/4, Section 8, T9N, R7W. 
Small hilltop on the north side of ranch road

Rhyolite Porphyry. (Trp) [lower member]
NE 1/4, NE 1/4, Section 21, T9N, R8W 
Southwest-facing cliff.

Rhyolite Porphyry. (T^) [lower member]
vertical cliff on south-facing side of hill.

Lapilli-Tuff. (T^) [lower member]
SE 1/4, SE 1/4, Section 9, T9N,. R8W 
Small roadcut on dirt logging road.

Rhyolite Porphyry. (Trp) [lower member]
W 1/2, Section 14, T9N, R8W
Large outcrop on west side of ranch road.
Lapilli-Tuff. (Tt )̂ [lower member]
SE 1/4, SW 1/4, Section 33, T10N, R8W 
Orange outcrop on small hilltop.

Rhyolite Porphyry. (Trp) [lower member]
S 1/2, NE 1/4, Section 9, T9N, R8W 
Outcrop next to dirt logging road.

Lapilli-Tuff. (T^) [lower member]
SE 1/4, SE 1/4, Section 33, T10N, R8W 
Road cut along forest road.

TA-347
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Table 12.— continued

TA-372 Rhyolite Porphyry. ( T )  [lower member]
chemistry ”

S 1/2, NW 1/4, SW 1/4, Section 18, T9N, R7W.
Roadcut on southeast side of forest road.
Light purple to tan, porphyrytic, glassy rock. Crystals 
of quartz and sanidine up to 4 millimeters.

TA-421 Rhyolite Porphyry. (Trp) -[lower member]
SE 1/4, SW 1/4, Section 15, T9N, R8W 
Low lying outcrop along dirt logging road.

TA-429-a Rhyolite Porphyry. (T^) [lower member]

SE 1/4, SW 1/4, Section 7, T9N, R7W
Low lying red and white outcrop on small hilltop.

TA-429-b Lapilli-Tuff. (T^) [lower member]
NE 1/4, SW 1/4, Section 33, T10N, R8W
Low lying outcrop in wooded area in east-facing slope.

TA-485 Lapilli-Tuff. (T^) [lower member]
NE 1/4, SW 1/4, Section 31, T10N, R7W 
Steep slope south of U.S. Highway 12.

TA-519 Rhyolite Porphyry. ( T )  [lower member]
chemistry ”

NE 1/4, SW 1/4, NE 1/4, Section 27, T10N, R8W.
Rock quarry southwest of Avon Family Cafe.
Lavender, porphyrytic glassy rock. Lithophysae up to 3 
centimeters in diameter. Crystals of quartz and 
sanidine up to 4 millimeters.

TA-527 Lapilli-Tuff. (T^) [lower member]

NW 1/4, SE 1/4, Section 28, TlON, R8W
White outcrop on north slope of small hill that has a small 
communications tower on its top.

TA-541 White Tuff. ( ( T )tw'
NE 1/4, Section 16, T9N, R7W
Low lying white outcrop in forest clear-cut.



Table 12.— continued

TA-544 Lapilli—Tuff. (T^) [lower member] •
SE 1/4, SW 1/4, Section 33, T10N, R8W
Low lying outcrop and talus on west-facing slope.

TA-545 Lapilli—Tuff. (T^) ■ [lower member]
NW 1/4, NW 1/4, Section 4, T9N, R8W 
Outcrop on north-west facing slope.

TA-549 Lapilli—Tuff. (T^) [lower member]
SE 1/4, SW 1/4, Section 33, TlON, R8W
North flank of small hill. Below TA-311 location.

TA-552-a Red Tuff. (T )tr
SE 1/4, SE 1/4, Section 9, T10N, R8W
Red, footwall fault plane in gravel pit. Below lapilli-tuff 
contact.

TA-552—d Lapilli-Tuff. (T^) [lower member]

SE 1/4, SE 1/4, Section 9, TlON, R8W
White, footwall fault plane in gravel pit. Above red 
rhyolite contact.

TA-601-a
TA-601-b

TA-599 Glassy Rhyolite. (T^)
SE 1/4, NW 1/4, Section 31, TlON, R7W
North-facing cliff on south.side of Little Blackfoot River. 
Crystal-Poor Andesite. (Tq) [extrusive facies]
NW 1/4, NW 1/4, Section 31, TlON, R7W
Black outcrop on south side of ranch road north of Little 
Blackfoot River.

TA-608 Lapilli-Tuff. (T^) [upper member]

NE 1/4, NE 1/4, Section 31, TlON, R7W.
Prominent tan outcrop on southwest-facing, grassy slope.

TA-609 Rhyolite Porphyry. (T ) [lower member]rP
NW 1/4, NW 1/4, Section 32, TlON, R7W
Small hill oh top of cliff, north of Little Blackfoot River.
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Table 12.

TA-618

TA-711

TA-87I

TA-869

TA-891-b
TA-891-g

TA-892-b

TA-8 93 
chemistry

TA-893-6

-continued

Rhyolite Porphyry. (T^) [lower member]
SE 1/4, SE 1/4, Section 25, TlON, R8W
Prominent outcrop on west side of county road east of
Snowshoe Creek.

Rhyolite Porphyry. (T^) [lower member]
NE 1/4, SW 1/4, Section 17, T9N, R8W 
Roadcut on southeast side of forest road.
White Tuff. (T ) twy
SE 1/4, SE 1/4, Section 9, T9N, R7W
Jasperized wall in prospect pit near contact with rhyolite 
porphyry.

White Tuff. (T^w) [basal conglomerate]
N 1/2, Section 16, T9N, R7W-
Vertical cliff bounding east side of Hurd Creek Valley.

Crystal—Poor Andesite. (T) [extrusive facies]
SE 1/4, SE 1/4, Section 9, T9N, R7W 
Gentle, north-trending ridge line.

Rhyolite Porphyry. ( T )  [upper member]
SE 1/4, NE 1/4, Section 9, T9N, R7W
Low lying saddle on northwest-trending ridge. Above
crystal-poor andesite contact.

Crystal Poor Andesite. (T) [intrusive facies]
NW 1/4, SW i/4, SE 1/4, Section 33, TlON, R7W.
Roadcut on south side of U.S. Highway 12.
Black to grey, aphanitic rock with vertical joints and 
vertical, light and dark grey bands. Rare crystals of ■ 
plagioclase up to 5 millimeters.

Rhyolite Porphyry. ( T )  [lower member]rP
NE 1/4, NE 1/4, Section 9, T9N, R7W
Northeast-facing slope below crystal-poor andesite contact.
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Table 12.-— continued

TA-894 Rhyolite Porphyry. (Trp) (upper member]
NE 1/4, NE 1/4, Section 9, T9N, R7W
Northeast-facing slope on gentle ridgeline above crystal- 
poor andesite contact.

TA-8 95 Rhyolite Porphyry. (Trp) [upper member]
SE 1/4, SW 1/4, Section 4 , T9N, R7W
West, flank of gentle hill. Above crystal-poor andesite 
contact

TA-900-b Rhyolite Porphyry. ( T )  [upper member]
N 1/2, NW 1/4, Section 15, T9N, R7W
Gentle southeast-facing slope above vitrophyre zone and 
lower member contact.

TA-90I 
chemistry

White Tuff. ( T )
SE 1/4, SE 1/4, NW 1/4, Section 16, T9N, R7W.
Gentle sloping roadcut on southeast side of forest road. 
White, nonbrecciated, aphanitic rock. Rare euhedral 
crystals of beta-quartz pseudomorphs up to 4 
millimeters.

TA-902
chemistry

Crystal-Poor Andesite. (Tq) [extrusive facies]

NW 1/4, SW 1/4, NW 1/4, Section 8, T9N, R7W.
Small hilltop.
Black aphanitic rock with hematitic stains and crudely 
developed flow banding. Displays a strong magnetic 
effect on compass needle.

TA-903
chemistry

Red Tuff. (T. ) tr'
NW 1/4, NW 1/4, NE 1/4, Section 8, T9N, R7W.
Small hilltop on the north side of ranch road. 
Bright red, glassy breccia with broken crystals of 
quartz and sanidine. Sample collected from 
nonbrecciated portion of outcrop.

TA-907 Rhyolite Porphyry. (Trp) [lower member]
SE 1/4, NW 1/4, Section 29, T10N, R8N
South-facing slope of prominent hill. Above lapilli-tuff 
contact.
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TA-914
chemistry

TA-9 45

TA-986

TA-1027
chemistry

TA-I03O

TA-I036 
chemistry

TA-1041
chemistry

-continued

Rhyolite Porphyry. (T^) [lower member]
SW 1/4, SW 1/4, NE 1/4, Section 9, T9N, R8W.
Uncovered bedrock near logging road in a logging clear-cut. 
Dark red-brown, porphyritic, glassy rock. Phenocrysts of 
quartz and sanidine up to I centimeter.

Lapilli-Tuff. (T^^) ■ [lower member]
N 1/2, Section 5, T9N. R7W.
Low lying outcrop on grassy slope

Rhyolite Porphyry. ( T )  [upper member]
SE 1/4, SE 1/4, Section 15, T9N, R7W 
East-facing slope on gentle hill.
Lapilli-Tuff. (T^) [lower member]

NW 1/4, SW 1/4, SW 1/4, Section 33, T10N, R7W.
Low-lying outcrops south of U.S. Highway 12.
Orange, glassy rock containing lithic fragments up to 5 
centimeters and sanidine and quartz crystals up to 4 
millimeters. Sample contained few lithic fragments.

Rhyolite porphyry. (Trp) [upper member]
SW 1/4, NW 1/4, Section 34, T10N, R7W
Top of cliff north of Little Blackfoot River.
Basalt. (T^)
E 1/2, SE 1/4, NW 1/4, Section 13, T10N, R8W.
Low-lying roadcut on west side of dirt road.
Black aphanitic rock. Rare crystals of olivine and pyroxene 
up to 2 millimeters.

Rhyolite Porphyry. (T^) [upper member]
N 1/2, SE 1/4, NW 1/4, Section 15, T9N. R7W.
Roadcut on north side of forest road.
White-light tan aphanitic rock containing rare crystals of 
quartz and sanidine up to 2 millimeters.
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TA-I044 
chemistry

TA-I057

TA-1063

TA-1064

Aphanitic Dacite. (T,)a
NW 1/4, SW 1/4, NE 1/4, Section 30, T10N, R8W.
Roadcut on south side of U.S. Highway 12.
Dark brown, aphanitic rock with near horizontal bands of 
hematite-lined partings on the centimeter scale.
Lapilli-Tuff. (T^) [lower member]
SE 1/4, NW 1/4, Section 33, T10N, R8W 
Purple outcrop on small hilltop.
Lapilli-Tuff. (T^) [upper member]
NE 1/4, NW 1/4, Section 19, T10N, R8W.
Light colored, poorly consolidated roadcut on south side of 
U.S. highway 12.
Glassy Rhyolite. (T^)
NW 1/4, SW 1/4, Section 33, T10N, R7W 
Prominent dike on south side of U.S. Highway 12.



Plate I Geologic Map of Eocene Avon Volcanic Field and Adjacent Areas, Powell County, Montana
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Plate 2 Gross Sections of Eocene Avon Volcanic Complex, Powell County, Montana
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