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The west flank of the Armatead anticline area is

the northern terminus of the Tendoy Mountains and has

structural relief exposing strata that range from Cambrian

to Tertiary in age. Paleozoic strata are 4,514 feet

thick and belong to the Flathead Sandstone, Wolsey Shale,

Pilgrim Dolomite, Jefferson, Lodgepole, Mission Canyon,

Lombard, Conover Ranch, Quadrant, Park City, Phosphoria,

and Shedhorn Formations. The Mesozoic strata are 1,740

feet thick and include the Dinwoody, Rierdon, and Kootenai

Formations. The Tertiary is represented by a basalt dike,

a jaaperoid deposit, and hills and ridges composed of

unconsolidated sediments.

The strata of the Armstead anticline area represent

trangressive-regressive lithologic packages and reflect

the varying amounts of detrital sediment supplied to the

area clastics during times of high sediment influx

(Flathead, Wolsey, Quadrant, Phosphoria, and Kootenai
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Formations) and carbonates during intervals of low or no

clastic sediment input (Pilgrim, Jefferson, Lodgepole,

Mission Canyon, Lombard, Conover Ranch, Park City,

Dinwoody, and Rierdon Formations). The amounts of

detrital sediment supplied to the area appear to have

corresponded to epeirogenic movements of the shelf and

craton

Tectonic activity dominated the area from the

Cretaceous through the Tertiary with the development of

the Overthruat Belt by the Sevier orogeny during the

Cretaceous and early Tertiary, and Basin and Range struc-

tures during the Miocene. The development of the Over-

thrust Belt resulted in the formation of the Armstead

anticline on the eastern edge of the Tendoy thrust sheet,

and the Cedar Creek and Hans Peterson Flats synclines and

Madigan Gulch anticline in the thesis area. Basin and

Range deformation produced several normal faults in the

area and was accompanied by basaltic volcanism (basalt

dike).

The Tertiary Jasperoid deposit probably developed as

a result of the intrusion of the basalt dike, with the

dike acting as a heat source for the jasperoid hydrother-

mal system.

Tertiary unconsolidated sediments were probably

deposited as a result of erosion of the nearby Beaverhead

Conglomerate - a formation that was deposited and intense-

ly faulted and deformed during the Sevier orogeny.
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THE STRATIGRAPHY AND STRUCTURE OF THE PALEOZOIC
AND MESOZOIC ROCKS OF THE WEST FLANK OF THE ARMSTEAD

ANTICLINE AREA, BEAVERHEAD COUNTY, MONTANA

INTRODUCTION

Purposes and Accomplishments

The Armatead anticline is located on the eastern edge

of the Overthruat Belt of Montana, and is the northern end

of the Tendoy Mountains. In recent years this region has

become an area of interest to many companies: oil companies

because of the hydrocarbon potential, and mineral companies

because of the disseminated gold potential in the sediment-

ary rocks. Because of this renewed interest, southwestern

Montana has become a prime region for detailed geologic

study.

The structure of the Overthrust Belt is only now

beginning to be understood. To develop structural models

that will lead to more efficient hydrocarbon and mineral

exploration much more detailed field work in the Overthrust

Belt is needed. The Armstead anticline region has only

been mapped by Lowell (1965) utilizing aerial photographs

and field spot checks. The lack of detailed mapping in

this region is the main reason for the selection of the

western flank of the Armstead anticline as the study area.

The main purpose of this study iB to add some detailed

data to the growing body of knowledge of the Overthrust



Belt of Montana. To this end, the following have been

accomplished:

1. a detailed geologic map of the area has been

constructed to a scale of 1:12,000;

2. field studies have resulted in a more complete and

detailed description of the structure of the area;

3. the stratigraphic units have been described

physically and petrographically; and

4. the environments of deposition of the sedimentary

units of the area have been interpreted.

The west flank of the Armatead anticline is divided

into three unique depositional and structural domains:

1. the Precambrian metasediments which make up the

core of the Armatead anticline were deposited,

then structurally deformed during the Precambrian.

They underwent a second deformational event during

the Sevier orogeny;

2. the Paleozoic and Mesozoic sedimentary units which

were structurally deformed during the Sevier

orogeny; and

3. the Beaverhead Conglomerate which was deposited

and structurally deformed during the Sevier

orogeny.

Each of the above mentioned terranes could in itself be a

master's thesis study area. Therefore, for reasons of

manageability, the study area for this thesis has been

restricted to the Paleozoic and Mesozoic units.
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Location and Accessibility

The Armetead anticline is located in the southwestern

corner of Beaverhead County, Montana, approximately 18

miles southeast of Dillon (Fig. 1). The study area is

located in the vicinity of 450 02' N latitude and 112° 56'

W longitude. The area encompasses all or part of sections

2-4, 10, and ii. of the Garfield Canyon quadrangle, T. 10

S., R. 11 W., and sections 4-6, 8-10, 15-17, 20-23,

26-29, and 33-35 of the Eli Springs quadrangle, T. 9 S.,

R. 11 W.; the mapped area thus approximates 17 square

miles. Part of the southern boundary of the thesis area

lies along the northern shore of the Clark Canyon Reser-

voir.

The thesis area is accessible only during the summer

(i.e., late June to early September). After the area

has dried out in the late spring, it is readily accessible

by any high clearance vehicle; four wheel drive is not

necessary except after rain storms.

The main access road to the thesis area is a dirt

road that leads off of Montana highway 29, (about four

miles from the Clark Conyon Reservoir exit off of Inter-

state 15) and trends northward up the center of the

Armetead anticline. Roads branching west off of the main

access road give entry to the field area at five different

localities. The field area itself is covered by a network

of dirt roads, thus requiring very little off-road driving.
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Investigative Methods

Field work commenced on June 30, 1982 and ended on

September 1, 1982. Data collected in the field were

plotted on U.S. Geological Survey topographic maps enlarged

to a scale of 1:12,000. Napping was aided by the use of

stereoscopic pairs of aerial photographs (1:24,000)

obtained from the U.S. Geological Survey in Denver,

Colorado.

One hundred forty four rock samples were collected and

noted on the field map for later study in the laboratory.

Three hundred attitudes of sedimentary rock beds and

structural features were measured with a Brunton compass

and plotted on the field map. All data plotted on the

field map were transferred to a base map at the end of each

day. Stratigraphic thicknesses were measured with a

Jacob's staff and Abney level. Descriptions of rock

outcrops were noted in a field notebook and photographs

were taken when deemed appropriate. Attempts to identify

and measure attitudes of cross-bedding were abandoned

because of extensive lichen growth on all rock outcrops in

the study area.

Acquisition of additional data was accomplished with

the use of a 10 power hand lens and dilute HCI. The

Geological Society of America Rock-Color Chart was used for

weathered and fresh surface color determinations. A sand

gauge (after Wentworth, 1922) was utilized for sand grain
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size determinations.

In the laboratory 100 thin sections were made and

described. Classification of sandstones is in accordance

with Williams, Turner, and Gilbert (1954). Carbonates have

been classified according to Folk (1962); when referencing

the work of other authors, their carbonate classification

schemes have been retained. Classification of igneous

rocks follows the nomenclature of the International Union

of Geological Science (IUGS). Other classification schemes

used ares Ingram (1954) for bedding thickness, Compton

(1962) for sorting, and Powers (1953) for roundness.

Previous Work

The first scientific exploration parties to enter the

Beaverhead County area were the Lewis and Clark expedition

in 1805, and the Hayden Survey in 1872. Lewis and Clark

camped at Armstead and traveled up Horse Prairie Creek,

immediately south of the Armstead anticline, searching for

the headwaters of the Missouri River. The Hayden Survey,

making the first geological observations in the Armatead

anticline area, described the metasediments and the

Carboniferous limeatones of the Armstead anticline (Hayden,

1872).

The discovery of gold, silver, lead, zinc, copper, oil

shale, and phosphate rock in the late 1800's and early

1900's led to increased geologic interest in the Beaverhead
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County area. In 1931 and 1934, acting upon a request from

the Beaverhead Mining Association, the Montana Bureau of

Mines and Geology undertook a study of the Badger Pass,

Bannack, and Argente mining districts, describing the

nearby sedimentary and volcanic formations (Shenon, 1931;

Sahinen, 1934).

The first geologic mapping of the area was accomplish-

ed in the 1920's by Lambert. He mapped the Paleozoic rocks

of Beaverhead County and later incorporated this informa-

tion into a preliminary geologic map of Montana (Andrews et

al., 1944). The latest geologic map of the region is one

of the Bannack-Grayling area by Lowell (1965), based on

aerial photographs and field spot checks.

The first stratigraphic analyses of the rocks in

southwestern Montana were made by Sloss (1942, 1950,

1951). He correlated the Paleozoic formations in Beaver-

head County with those formations north and south of the

county which had previously been named and described. In

1955, after mapping large sections of Beaverhead County,

Montana, and Targhee County, Idaho, Scholten wrote a paper

describing the regional tectonic setting which prevailed

during the deposition of the strata in southwestern Montana

(Scholten et al., 1955).

The latest work in the Armstead anticline area was

completed by Hildreth in 1981. She mapped the southeastern

flank of the Armatead anticline and described the Missis-

sippian and Early Pennsylvanian formations present there.



8

Other work currently in progress in the Arwstead Anticline

area is an Oregon State University master's thesis by

Goodhue, which describes the Paleozoic , Mesozoic, and

volcanic rocks, and the structure of the northeastern flank

and northern nose of the Armstead anticline.

Geomorphology

The topographic expression of the thesis area is one

of north-trending parallel ridges and valleys, with the

highest point on the ridges being 7,513 feet and the lowest

point in the valleys being 5,600 feet. The topography is

controlled primarily by the structure and stratigraphy:

anticlinal ridges in resistant units and synclinal valleys

floored by less resistant units. The major topographic

features of the thesis area are, from east to west (see

map):

1. the ridge forming west limb of the Armatead

anticline;

2. the valley occupied by the Cedar Creek syncline

3. the ridge containing the Madigan Gulch anticline;

4. the valley underlain by the Hans Peterson Flats

syncline.

Where the limbs of the synclines (i.e., the Cedar

Creek syncline and the eastern limb of the Hans Peterson

Flats syncline) are composed of Permian rocks, the limbs

display flat irons cut by ephemeral streams flowing across
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Figure 2. Flatiron expression of Permian rocks cut by
ephemeral streams in the Cedar Creek syncline.

the Permian cuestas (Fig. 2).

A succession of shallow valleys and low ridges occurs

in the northern part of the thesis area, on the breached

Madigan Gulch anticline. Because the beds are tightly

folded in this anticline and dips are close to vertical,

these valleys and ridges were produced by differential

erosion. Descending stratigraphically through the anti-

dine: the Quadrant Formation forms a ridge, the upper

Conover Ranch forms a swale, the lower Conover Ranch

a ridge, the Lombard a swale, the Mission Canyon a ridge,

and the Lodgepole a swale.

In the west-central part of the thesis area the

Mesozoic Kootensi and Dinwoody Formations predominate. The
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Kootenai is much more erosionally resistant than the

Dinwoody. Because of this, on the limbs of synclines and

anticlines in this part the Kootenai holds up ridges

(Fig. 3) and the Dinwoody underlies slopes or valleys. An

excellent example of this is the small anticline along the

boundary between sections 16 and 17, T. 9 S., R. 11 W.

Here the core of the anticline, composed of Dinwoody, is a

valley, whereas the two limbs are ridges of Kootenai (see

map).

Along the southeastern edge of the thesis area, a

structurally controlled valley occurs between the Lombard

and Mission Canyon Formations. This valley follows one of

the thrust faults that occur in this area (Fig. 4);

thrusting fractured the carbonate rocks in the fault zone

making it more readily eroded than the surrounding Lombard

and Mission Canyon rocks, thus producing the valley. The

other faults, however, have much less conspicuous surface

expressions.

Because the topography is controlled by the structure

and stratigraphy, and consists of a series of parallel

valleys and ridges, the area is characterized by a trellis

type drainage system. Short ephemeral streams cut across

the synclinal limbs and flow into the synclirtal valleys at

right angles to the axes of the synclines. Each synclinal

valley has an ephemeral stream running down the center.

These subsequent streams are connected to each other by

short streamB cutting across the anticlinal ridges,



Figure 3. Ridge-forming Kootenai, west-central part of
thesis area.

-I-"-. - _

11

Figure 4. Thrust controlled valley at southeastern edge of
thesis area.
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producing water gaps in the ridges in sections 22, 27, 34,

and 35, T. 9 S., R. 11 W. and section 32, T. 8 S., R. 11

W. (see map>. Only two short streams do not follow this

pattern: one in section 16, T. 9 S., R. 11 W., the other

in section 11, T. 10 S., R. 11 W. Both of these streams

are fault-controlled.

The vegetation types in the thesis area are primarily

controlled by lithology. Juniper and lodgepole pine grow

on the tops of Quadrant Sandstone ridges; sagebrush,

grasses, and small cacti grow on the remaining formations.

The one exception to this vegetation pattern is at the

northern end of the thesis area where a grove of lodgepole

pine grows on the Mission Canyon Formation.

STRATIGRAPHY

The stratigraphic section in the thesis area consists

of fifteen formations ranging in age from Middle Cambrian

to Early Cretaceous, with a maximum cumulative strati-

graphic thickness of 6,254 feet. The formations present,

in ascending order are: the Flathead, Wolsey, Pilgrim,

Jefferson, Lodgepole, Mission Canyon, Lombard, Conover

Ranch, Quadrant, Park City, Phosphoria, Shedhorn, Dinwoody,

Rierdon, and Kootenai. The Tertiary is represented by a

basalt dike, a Jasperoid deposit, and several hills of

unconsolidated sediment. The distribution of the forma-

tions and Tertiary units is presented on the geologic map



13

of the thesis area (Plate 2> and is tabulated in Figure

5. Regional correlations are provided in Plate 1.

Flathead Sandstone

Nomenclature

The Flathead Sandstone was named and described by

Peale (1893) for exposures in the Flathead Pass near Three

Forks, Montana. The original description included the

sandstones and shales that lie between the Belt Formation

and the Trilobite Limestone (later renamed the Meagher

Limestone). The original type locality was designated by

Weed in 1900 for exposures along Belt Creek, eight miles

south of Monarch, Montana.

In the years that followed, research workers in the

region either added to, or subtracted from the sequence

they referred to as the Flathead Sandstone (Iddings and

Weed, 1894; Peale, 1896; Weed and Pirseon, 1896). This

confusion persisted until 1936 when Delss (1936), after

extensive field work in southwestern Montana, revised the

entire Cambrian sequence of Montana.

One of the results of the Deiss Cambrian revision was

amending the definition of the Flathead Sandstone so as to

exclude all shale beds except minor shale interbeds

occurring near the top of the formation. Thus, the
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SYSTEM ROCK UNIT THICKNESS

TERTIARY

TERTIARY SEDIMENTS 200 ft.
JASPEROID 20 ft.

BASALT DIKE 10 ft.
BEAVERHEAD

RETACE0US KOOTENAI 1,075 ft.

JURASSIC RIER DON 65 ft.

TASSIC DINWOODY 600ff.

PERMIAN
SHEDHORN 100ff.

PHOSPHORIA 199 ft.
PARK CITY 170 ft.

QUADRANT 960ff.

MISSISS-
IPPIAN

CONOVER RANCH 445 ft.

LOMBARD 400ff.

MISSION CANYON 950 ft.

LODGEPOLE 700 ft.

DEVONIAN JEFFERSON 400ff.

CAMBRIAN

PILGRIM 115 ft.

WOLSEY 60 ft.
FLATHEAD 15ff.

PRECAMBRIAN METASEDIMENTS

Figure 5. AgeB, thicknesses, and formations found in the
thesis area.
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Flathead, as generally accepted today, consists of the

sandstones which lie unconformably on top of the Precambri-

an and are conformably overlain by the shale of the Wolsey

Formation (Deiss, 1936).

After visiting Weed's original type locality for the

Flathead and finding only Archean rocks, Deiss(1936)

designated an emended type locality on Belt Creek, one-half

mile north of the mouth of Hoover Creek, in the Little Belt

Mountains, Cascade County, Montana.

Regional Distribution1 Age, and Correlation

The Flathead Sandstone is a widespread tranagressive

sandstone which marks the base of the Paleozoic in western

Montana, northwestern Wyoming, and east-central Idaho. The

Flathead is correlative to the Tapeats Sandstone, which is

the tranagressive sandstone which marks the base of the

Paleozoic in the Grand Canyon region.

Attempts to determine the age of the Flathead Sand-

stone by examination of fossils have proven unsuccessful.

The only fossils found anywhere in the formation have been

a few trace fossils and inarticulate brachipods (Miller,

1936; Shaw,1957), none of which shed any light on the age

(Bell and Middleton, 197B).

An age for the Flathead Sandstone has been determined

by Rb-Sr isotopic dating and by stratigraphic relation-

ships. Two methods of Rb-Sr isotopic dating have been
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performed by Chaudhuri and Brookins (1968). Whole rock

analyses of relatively unmetamorphosed shales from the

shale interbeds in the upper part of the formation have

indicated an age of 555± 18 m.y. Rb-Sr analyses of

authigentic glauconite from the coarse clastic sediments of

the formation have yielded an age of 542 my. Both dates

fall within the Middle Cambrian and agree with the age

determined by Deiss (1936) using stratigraphic relation-

ships (Bell and Middleton, 1978).

Local Distribution and Topographic Expression

In the thesis area the only exposures of the

Flathead Sandstone are located in the SE, SE, section 2,

T. 10 S., R. 11 W. (Fig. 6). The formation, which is

widespread in western Montana, is restricted to this small

part of the thesis area because it has been truncated by a

thrust fault.

In most areas of western Montana the Flathead Sand-

stone forms cliffs or ridges (Deiss, 1936; Bell and Middle-

ton, 1978; Hildreth, 1980). This is not the topographic

expression of the Flathead on the western flank of the

Armatead anticline where faulting has produced extensive

fracturing of the formation. As a result, the formation is

unable to support topographic highs; instead it occupies

topographic lows or flats that are covered with soil. The

only exposures of the Flathead in the thesis area occur in
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stream beds and road cuts.

Regionally, the lower contact of the Flathead Sand-

stone is an angular unconformity with the underlying

Precambrian metasediments. In the thesis area the lower

contact is a thrust fault contact with the underlying

Precambrian metasediments. The upper contact, both region-

ally and in the thesis area, is conformable with the

overlying Wolsey Formation.

Thickness and Litholopy

The thickness of the Flathead Sandstone in south-

western Montana ranges from a feather edge to over 200

feet, with an average of 180 feet (Deiss, 1936). Hildreth

(1980), while mapping the southeastern flank of the

Armstead anticline, less than one mile from the Flathead

exposures on the western flank of the anticline, measured

95 feet. In the thesis area the thickness ranges from a

faulted pinchout, at the northern end of the exposure, to a

maximum of 15 feet at the southern end (Fig. 7). The

difference in thickness between the southeastern and

western flanks of the Arrnatead anticline is the result of

thrust faulting subsequent to the formation of the anti-

dine, and is not a result of changes in depositional

setting.

Regionally, the Flathead Formation, as described by

Deiss (1936), consists of:
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Figure 7. Roadcut exposure of the Wolsey Shale, Flathead
Sandstone, and Precambrian Metasediments at
southern end of the thesis area.

"...cross-bedded, thin- to thick-bedded sandstones,
which have been indurated locally into quartzites. In
general the sediments are cleanly washed white quartz
sands, cemented in a matrix of silica or of hematitic
clay which stains the rock dull red. The most
striking and diagnostic characteristic of the form-
ation is the nearly universal presence of tan and
white , pure quartz pebbles, which range from less
than a quarter of a inch to more than three inches but
generally average less than five-eights of an inch in
diameter, are well rounded, and are largely concen-
trated Into thin lenses."

In the thesis area the Flathead Formation is a silica-

cemented, massive, fine-grained quartz arenite, containing

greater than 99 percent detrital quartz grains and mere

trace amounts of zircon and tourinaline. The formation has

a fresh surface color of grayish pink (SR 8/2) and weathers

to a grayish orange pink (1OR 8/2).
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Figure 8. Photomicrograph. Flathead Sandstone showing
well rounded and well sorted nature of the
formation (plane light, 1.5 mm field of view).

Figure 9. Photomicrograph. Flathead Sandstone showing
quartz overgrowths and solution suture bounda-
ries (crossed polars, 1.5 mm field of view).
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The quartz grains are well rounded and well sorted,

and mostly have relict "dirty" rims (Fig. 8). Quartz

overgrowths and dissolution suture boundaries between

quartz grains are very common (Fig. 9). There is a minute

amount of very fine-grained micaceous material between some

of the grains.

Isolated pinkish gray (5YR 8/1) lenses of poorly

sorted, angular quartz pebbleB, 1/8 to 1/2 of an inch in

diameter, randomly occur throughout the formation. In thin

section the pebbles are highly strained indicating a

metamorphic source, posBibly the Precambrian metasedi-

ments that occur through much of southwestern Montana.

Deiss (1936) stated that the source for these pebbles was

not a metamorphic terrane, but was the Archean granitic

rock that occurs around Yellowstone National Park. If this

is the case then the strained state of the pebbles in the

thesis area may be the result of forces exerted on the

pebbles during thrusting - pebbles collected for thin-sec-

tion analyses were collected along a thrust fault contact.

Environment of Deposition

The Flathead Sandstone is a classic, well rounded,

well sorted, monomineralic, tranagreseive sandstone sheet

that was deposited by increasing sea levels during the

eastward progression of the Sauk Transgression. The



environment of deposition has been described by several

authors as being a high energy, low tidal range send flat

to shallow sub-tidal shoreline setting (Tankard and Hobday,

1977; Bell and Niddleton, 1978). This type of environment

resulted in the destruction of all but the most stable

mineral grains that were derived from the craton. The

mineral grains that were able to survive this environment

were well rounded quartz and very minor amounts of very

well rounded zircon and tourmaline.

Personal observations of beach processes have indi-

cated that the pebble lenses were most likely produced by

the migration of small fluvial channels crossing the sand

flats during periods of low tide, and/or by the migration

of small channels created by strong tidal currents. The

currents transported pebble size sediments into the

depositional environment and winnowed out all but the

coarsest sediments leaving only the pebble size clasts

behind.

Wolsey Shale

Nomenclature

The Wolsey Shale was first considered to be the upper

part of the Flathead Formation by Peale (1893). This

classification persisted until 1899 when Weed isolated the

Wolsey from the Flathead by dividing the Barker Formation,
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in the Fort Benton quadrangle of Montana, into seven

members. In ascending order the members are the Flathead

Sandstone, Wolsey Shale, Meagher Limestone, Park Shale,

Pilgrim Limestone, Dry Creek Shale, and Yogo Limestone. In

1900 Weed raised the members of the Barker Formation to

formational rank.

In 1899 Weed designated a type locality at an old dam

on Sheep Creek near the old Wolsey Post Office, Meagher

County, Montana. In 1936 Deiss visited the type locality

and found that the exposure had been covered by colluvium

and the post office no longer existed. As a result, Deisa

designated an emended type section at the south end of

South Hill in Belt Park, Little Belt Mountains, Montana.

Regional Distribution, Age, and Correlation

The Wolsey Shale extends from west-central Montana,

through southwestern Montana, into northwestern Wyoming.

The basal and upper contacts of the Wolsey are gradational

with the Flathead and Meagher Formations, respectively.

The age of the Wolsey Shale has been determined to

be Middle Cambrian, based on stratigraphic relationships

(Deiaa, 1936) and trilobite assemblages collected by Deiss

(1936) and Lockman-Balk (1956) from the Wolsey in south-

central Montana.

The Wolaey Shale was the second formation deposit-

ed in the Montana region as a result of the Sauk Transgres-
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sian, and is correlative with the Bright Angel Shale of the

Grand Canyon region.

Local Distribution and Topographic Expression

The only occurrence of the Wolsey Shale in the

thesis area is near the southern border, in the SEM, SE%,

section 2, T. 10 S., R. 11 W. (Fig. 10). The northern end

of the formation is terminated by the same thrust fault

that truncates the Flathead Sandstone. The southern extent

of the Wolsey is covered by the Clark Canyon Reservoir.

Exposures of the Wolsey Shale in the thesis area are

extremely rare with isolated patches of greenish gray (56Y

6/1) clayey soil generally being evidence of the forma-

tion's presence. The only true exposure of the Wolsey is

in the road cut southeast of Metlen Mountain (Fig. 11). In

this road cut the Wolsey is composed of greenish gray (5GY

6/1) shale, which appears more like clayey soil, with thin

beds of grayish orange (IOYR 7/4) micaceous sandstone

occurring in both the basal and upper 10 feet.

Because of the nonresistant characteristics of the

fissile shales of the Wolsey Shale, the topographic

expression of the formation is that of a flat or minor

swale, entirely covered with soil and vegetation.

In the thesis area the basal contact of the Wolsey

Formation is conformable with the underlying Flathead

Formation. The upper contact of the Wolsey is disconform-
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Figure 11. Roadcut southeast of Metlen Mountain exposing
the Flathead Sandstone, Wolsey Shale, and
Pilgrim Dolomite.

able with the overlying Pilgrim Formation. The upper and

lower contacts are exposed in the road cut southeast of

Netlen Mountain.

Thickness and LitholoQy

The thickest section of the Wolsey Shale measured in

Montana is 363 feet on Beaver Creek in the Big Belt

Mountains (Deiss, 1936). Moving west from the Big Belt

Mountains the formation progressively thin. Deiss (1936)

measured 174 feet at the type section in the Little Belt

Mountains, Tysdal (1976) measured 58 to 100 feet in the

northern part of the Ruby Mountains, and Hildreth (1980)
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measured 90 to 110 feet on the southeastern flank of the

Armetead anticline. In the thesis area the thickness

ranges from a feather edge (the result of Late Cretaceous-

early Tertiary thrust faulting) to a maximum of 60 feet.

The Wolsey pinches out in the Tendoy Range south of the

thesis area.

The Wolsey Formation has been divided into three units

by Deisa (1936) and by Lockman-Balk (1956). In ascending

order, Deiss and Lockman-Balk have described these units

as (using Deisa and Lockman-Balk terminology):

1. a lower unit consisting of a dull green to

greenish gray, soft fisaile shale interbedded

with layers of sandstone. The sandstone layers

are thin-bedded, platy, and contain limonite which

imparts to the beds a rusty brown color. The

shale commonly contains sericite and green

biotite. Throughout this unit borings and worm

trails are common;

2. a middle unit consisting of nearly pure micaceous,

paper-thin shale with rare thin, platy, interbed-

ded layers of rusty colored sandstone;

3. an upper unit consisting of chocolate to maroon

brown, fossiliferous, fisaile shales and rare

green shales. Numerous thin beds of gray,

glauconitic, crystalline limestone with rusty

brown weathered surfaces are interbedded with the

shales.
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In the thesis area the Wolsey Shale also can be

divided into three units. The lower and middle units of

Deiss (1936) and Lockman-Balk (1956) are identifiable.

However, the upper unit differs considerably from the Deiss

and Lockman-Balk upper unit. The road cut southeast of

Metlen Mountain provided the only exposure of the Wolsey

suitable for use in compiling a lithologic description of

the three units that makeup the formation.

The sandstone beds of the lower unit of the Wolsey

have a gradational change in composition from the quartz

arenites of the Flathead Formation to the very thin

sandstone beds of the middle unit. Sandstone predomin-

ates over shale in the upper unit, whereas, the middle unit

is mostly shale.

The very thin beds of sandstone in the middle unit of

the Wolsey consist of grayish red (5R 4/2) weathered,

grayish orange (1OYR 7/4) fresh, calcareous, micaceous,

subarkosic arenite containing 50 percent very fine-grained

detrital quartz, 14 percent muscovite, 3 percent micro-

dine, 3 percent glauconite, 2 percent plagioclase, trace

amounts of magnetite, zircon, and garnet, and 27 percent

cement (22 percent calcite cement and 5 percent hemitite

cement). The quartz grains are moderately sorted and well

rounded to angular.

The thesis area upper unit consists of very thin- to

thin-bedded, very pale orange (1OYR 8/2), very finely

crystalline, glauconitic, sandy dolomite containing 10
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percent detrital quartz, 1 percent glauconite, and trace

amounts of acids, microcline, plagioclase, and sanidine.

The detrital quartz is very fine- to coarse-grained, poorly

sorted, well rounded to angular, and around the edges has

been extensively replaced by dolomite.

Environment of Deposition

During the Middle Cambrian the Sauk transgression

continued eastward across the continental shelf, thus

continually moving the shoreline and source of detrital

sediment farther east. This resulted in a gradual decrease

in the size of the sediment supplied to the Armstead

anticline region. This decrease in sediment size is

reflected in the gradual transition from the fine sands of

the Flathead Sandstone to the clays and silts of the Wolsey

Shale (Peterson, 1981; Mcflannis, 1965).

Ultimately as the transgression progressed, carbonate

deposition started to predominate over mud deposition.

This is reflected in the thesis area by the gradational

change from shale to dolomite in the upper unit of the

Wolsey. At this time upwarping of the Lemhi arch (an

intermittently emergent landmass during the late Precam-

brian, Paleozoic, and Mesozoic) to the west of the thesis

area (Ruppel, 1978) most likely provided the small amount

of clastic sediment that is found in the dolomite of the

upper unit of the Wolsey in the thesis area. The presence
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of microcline, plagioclase and sanidine in trace amounts

indicates that the distance of transportation from source

area to the thesis area was relatively short, otherwise

these minerals would have been destroyed. The microcline

and plagioclase were possibly supplied to the Wolsey

sediments by the erosion of the local Precambrian metasedi-

ments. The sanidine possibly came from the erosion of

local precambrian volcanics which Chadwick (1972) describes

as possibly having been widespread throughout Montana.

Continued upwarping of the Lemhi arch was the probable

cause of the emergence of the thesis area and the develop-

ment of the erosional surface that exists at the top of the

Wolsey in the road cut southeast of Meylen Mountain. The

absence of the Meagher Limestone and the Park Shale in the

thesis area indicates that erosion of the Wolsey continued

during the time of deposition of these two formations east

of t e thesis area.

Pilgrim Dolomite

Nomenclature

At the present time two formatlonal names, Hasmark and

Pilgrim, are being applied to the Upper Cambrian dolomites

of central and western Montana. There are very few differ-

ences in the lithologic description of the two formations,

the sole major difference being the presence of an intra-



31

formational conglomerate in the Pilgrim Dolomite (Weed,

1900; Deiss, 1936). Such a member is not present in the

Hasmark Formation (Emmons and Calkins, 1913).

In describing the Pilgrim Dolomite of the southern

Elkhorn Mountains of Montana, Kiepper, Weeks, and Ruppel

(1957) stated that the intraformational conglomerate occurs

only sporadically in this area. Therefore, the presence or

absence of an intraformational conglomerate is not a

reliable criterion for identification of the Pilgrim or

Hasmark Formations. The only criterion left to distinguish

the Hasmark from the Pilgrim is formational associations:

the Hasmark is associated with the Silver Hill and Black

Lion Formations, whereas the Pilgrim is associated with the

Wolsey Dolomite. Therefore, using this convention, the

Upper Cambrian dolomite in the thesis area will be desig-

nated the Pilgrim Dolomite.

The Pilgrim Dolomite, named for exposures in t

Pilgrim Creek Valley near Fort Benton, Montana, was first

recognized by Weed (1899) when he divided the Barker

Formation into seven members: the Flathead Sandstone,

Wolsey Shale, Meagher Limestone, Park Shale, Pilgrim

Limestone, Dry Creek Shale, and Yogo Limestone. In 1900

Weed raised these members to formational status.

In the original description of the Pilgrim Dolomite

the basal section was ambiguous; rio definite boundary

between the Pilgrim and the underlying Park Shale was

designated. To correct the boundary problem and the lack
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of a designated type locality by Weed, Deiss (1936) emended

the definition of the Pilgrim and designated a type

locality on the north side of Dry Wolf Creek, in the Little

Belt Mountains of Montana.

Regional Distribution1

Age1 and Correlation

The Pilgrim Dolomite is a very resistant unit which

forms cliffs and ridges throughout southwestern and

south-central Montana.

The Pilgrim Dolomite ranges in age from earliest Late

Cambrian to earliest Early Ordovician. This is based on

three well defined faunal assemblages collected from the

Pilgrim in central Montana by Lockman and Duncan (1944).

The Pilgrim is correlative with the Hasmark Formation

of west-central Montana. On a regional basis, the Pilgrim

conformably overlies the Park Shale and underlies the Dry

Creek Shale.

Local Distribution and Topographic Expression

The Pilgrim Dolomite crops out in the southern part

of the thesis area along the boundary between sections 1

and 2, T. 10 S., R. 11 W. (Fig. 12).

In Montana the Pilgrim Dolomite is erosionally

resistant and forms cliffs and ridges. However, in the

thesis area the Pilgrim has been tectorzically fractured to
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Figure 12. Exposures of Pilgrim Dolomite in he thesis
area.
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the point that it is no longer able to support high

relief. Because of this, the Pilgrim is a slope-former

where capped by another formation, or forms only soil-

covered low ridges. The only good exposure of the Pilgrim

in the thesis area is in the road cut southeast of Metlen

Mountain (Fig. 11).

In the thesis area the Pilgrim Dolomite disconform-

ably overlies the Wolsey Shale, and is disconformably

overlain by the Jefferson Formation. These contacts are

easily seen in the road cut southeast of Metlen Mountain.

Thickness and Lithology

The thickness of the Pilgrim Dolomite ranges from

over 600 feet in the Big Snowy Mountains of central Montana

(Deiss, 1936), to less than 100 feet west of Yellowstone

National Park (Hasson, 1952). Ffildreth (1980) measured a

thickness of 100 feet on the southeastern flank of the

Armatead anticline, 60 miles northwest of Yellowstone Park

and less than one mile from the thesis area. In the thesis

area the thickness of the Pilgrim ranges from a feather

edge (the result of thrust faulting) at its northern

termination, to a maximum thickness of 115 feet in the

road cut southeast of Metlen Mountain..

The lithological composition of the Pilgrim Dolomite

in Montana is quite variable, but two propertieB generally

characterize the formation: the common occurrence of
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intraformational conglomerates and the pervasive presence

of oolites. The two litho.Logic descriptions listed below

illustrate the variability of the Pilgrim Dolomite:

1. at the type locality on Dry Wolf Creek in the

Little Belt Mountains of Montana, Deiss (1936)

described the Pilgrim as consisting of thick- to

thin-bedded, light to dark gray, oolitic limestone

with interbeds of thin- to thick-bedded, gray

intraformational conglomerate

2. at the northern end of the Ruby ulountain Range in

western Montana, Tysdal (1976) described the

Pilgrim as consisting of two distinct units. The

lower unit is a light gray weathering, pale

yellowish brown dolomite containing oolites and

thin beds of dolomite-pebble conglomerates. The

upper unit consists mainly of pale yellowish brown

sandy laminated dolomite, fine- to medium-grained

cross-bedded quartz sandstone, and yellowish brown

finely crystalline dolomite.

In the thesis area the Pilgrim Dolomite consists of

thin-bedded, highly fractured, grayish orange (1OYR 7/4)

weathered, yellowish brown (1OYR 5/4) fresh, fine- to

medium-crystalline, oolitic dolomite (Fig. 13). The larger

fractures in the dolomite have been filled with white

sparry calcite. The colites, which range from 0.3 to 0.6

millimeters in diameter, have been replaced by dolomite and

are now represented by relict outlines.
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Figure 13. Photomicrograph. Pilgrim Dolomite showing
relict outlines of oolites (plane light, 1.5 mm
field of view).

Environment of Decosition

During the Late Cambrian, downwarping resulted in the

resubmergence ox the region and the resumption of the

carbonate deposition which had ceased sometime during the

Middle Cambrian. The Lemhi arch (Ruppel, 1978), to t.e

west of the thesis area, probably was below sea level

during this interval because, unlike the upper Wolsey

carbonates, no detrital sediments are found in the carbon-

ates of the Pilgrim Formation.

After resubmergence of the Armetead anticline region,
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the carbonate depositional environment remained relatively

constant throughout the deposition of the Pilgrim Dolo-

mite. During this depositional interval the changing sea

level (a result of the Sauk transgression) and changing

basinal depths caused by local warping, were equal to the

carbonate sedimentation rate. The equivalence between

basinal depth changes and sedimentation rate resulted in a

relatively shallow depositional environment which was

frequently disturbed by wave action. This environment is

reflected in the pervasive occurrence of oolltes in the

Pilgrim Dolomite. The ubiquitous oolites of the Pilgrim

required periodic agitation of the bottom sediments during

deposition (Bathurat, 1975).

Carbonate deposition ended in southwestern Montana

during the early Early Ordovician, as a result of the Sauk

regression. During the Ordovician and Silurian the

Ti ppecartoe tranegressi ye-regressive sequence occurred.

This sequence may have resulted in the deposition of

sediments in the thesis area during the Ordovician; if so,

they later were removed by erosion. The Tippecanoe

sequence deposited a thin sequence of sediments on the

craton which underwent extensive eroBion at the end of the

Tippecanos regression, resulting in the absence of Silurian

rocks in southwestern Montana (Poole et al., 1977;

Peterson, 1977).



38

Jefferson Formation

Nomenclature

The Jefferson Formation was named by Peale (1893)

while describing the Paleozoic section near Three Forks,

Montana. Peale did not designate a type locality, but

listed two general locations where the formation was best

exposed; in the hills on both sides of the Missouri River

just below the junction of the Three Forks River, and on

both sides of the Jefferson River a few miles above its

mouth. A type section was designated by Sloss and Laird

(1947) on the north side of the Gallatin River near Logan,

Montana.

In 1965 Sandberg divided the Jeff erson Formation into

two members: an unnamed lower member and the Birdbear

Member. The lower member consists of alternating beds of

limestone/dolomite and shale. The Birdbear Member has a

uniform lithology of massive dolomite.

Regional Distribution, Age, and Correlation

The Jefferson Formation is a ledge-forming, carbonate

unit that is recognized through much of Montana, western

Wyoming, eastern Idaho, and northern Utah. The Jefferson

is absent in parts of the Tendoy Range of southwestern

Montana because of subaerial exposure on a dome in that
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region during the Devonian (Benson, 1966).

Kindle (1908) collected a faunal suite of gastropods,

bi-achiopoda, pelecypods, and coelenterates from the

Jefferson Formation in the Philipsburg quadrangle of

Montana. He considered this assemblage to indicate an age

ranging from Early to Middle Devonian. Kindle's age range

was revised by Sandberg and others (1982) while they were

studying the conodont zonation scheme of the Overthrust

Belt region of the western United States. They determined

an age range for the Jefferson from early Late Devonian

(Frasnian) to middle Late Devonian (Famennian). The

conodont zonation range for the formation is from the upper

Polynathus asymmetricus zone to the upper Palmatolepsis

marginifera zone.

The Jefferson Formation is correlative with the

Guilmette Formation, West Range Limestone, and Devil's Gate

Limestone of southwestern Idaho and northern Utah. The

Darby Formation of western Wyoming and the Potlatch

Formation of northwestern Montana also are correlative with

the Jefferson.

Local Distribution and Topographic Expression

The Jefferson Formation is present only in the

southern part of the thesis area. The formation extends

from the NW, NW3, NW3, section 1, T. 10 S., R. 11 W. to

the shore of the Clark Canyon Reservoir (Fig. 14).
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The topographic expression of the Jefferson Formation

is one of isolated carbonate ledges alternating with swales

underlain by shales. The ledges are five to 10 feet high

and 10 to 15 feet thick. The swales are 10 to 15 feet wide

where the width has not been influenced by tectonic

thinning. At the northern terminus of the formation the

Jefferson has been truncated by a thrust fault. A consequ-

ence of the thrusting at the northern end of the exposure

is that the shale beds have been tectonically thinned to

the point that the carbonate beds of the formation now lie

on top of each other.

Thickness and Lithology

The thickness of the Jefferson Formation ranges from a

feather edge in the Little Belt Big Snowy Porcupine

uplift region of central Montana, to thicknesses in excess

of 1,500 feet in west8rn Montana, northeastern Utah, and

southeastern Idaho (Benson, 1966). Hildreth (1980)

measured a thickness of 550 feet on the southeastern flank

of the Armstead anticline, less than one mile from the

thesis area. In the thesis area the thickness ranges from

a feather edge to a maximum of 400 feet. This disparity in

thickness from one limb of the anticline to the other is

the result of a thrust fault truncating the formation.

The thicknesses of the Jefferson Formation measured In
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the Armatead anticline are substantially thinner than would

be expected for this region of Montana. This deviation

from the westward thickening trend presumably was caused by

a wedging out of the formation against the Tendoy Dome, a

localized site of nondeposition during the Devonian

(Benson, 1966).

To reiterate, the Jefferson Formation has divided into

two members: an unnamed lower member and the Birdbear

Member. Sandberg (1965) described the lower member as

consisting of dolomite and limestone beds with minor

interbeds of detrital material. The dolomite is brownish

gray to dark brown, fine- to medium-crystalline, and has a

strong fetid odor on fresh break.

gray to dark brownish gray, very

has a fetid odor on fresh break. T

material are yellowish gray to

ailtatones, argillaceous or silty

and limestone breccias.

The limestone is dark

finely crystalline, and

e interbeds of detrital

light gray dolomitic

dolomites, limestones,

The Birdbear Member, as described by Sandberg (1965),

consists of brown to light brownish gray, medium-bedded,

finely to coarsely crystalline dolomite which has a slight

fetid odor on fresh break.

In the thesis area the Jefferson Formation consists of

thick-bedded dolomites and limestones. The dolomite is a

dark yellowish brown (1OYR 4/2) weathered, dusty yellowish

brown (1OYR 2/2) fresh; it is a highly fractured, medium-

crystalline dolomite that has a strong fetid petroliferous
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odor on fresh break. The fractures in the dolomite are up

to one millimeter in width and have been filled with white

aparry calcite. The limestone is a light gray (N7)

weathered, pale yellowish brown (1OYR 6/2) fresh, crinoidal

biomicrite containing trace amounts of very fine-grained

detrital quartz.

The dolomite and limestone beds in the thesis area are

part of the lower member of the Jefferson Formation. The

Birdbear Member and the overlying Three Forks Formation

(which is present on the eastern flank of the Armatead

anticline) have been removed by thrust faulting.

Environment of Deposition

The sequence of biomicrite, shale, and dolomite beds

found in the thesis area indicates that the depositional

environment of the Jefferson Formation was a low energy,

shallow, subtidal carbonate mud shelf (Sandberg and

Poole, 1977). The presence of both limestones and dolo-

mites with intervening shale layers indicates that environ-

mental changes periodically occurred during deposition of

the lower member.

Peterson (1981) has stated that a carbonate bank

existed in westernmost Montana during the Late Devonian

and that the Jefferson was deposited in a back bank

setting. If this was the depositional setting, then

periodic fluctuations in the sea level could account
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for the presence of both dolomite and limestone. During

periods of high sea level, circulation from the open seas

would be unrestricted and environmental conditions in the

back bank area would be conducive to biomicrite formation.

During times of lower sea level, back bank environment

water circulation would be restricted and hypersaline

conditions conducive to seepage reflux dolomitization would

exist. The intervening shale layers, which were depoaited

during episodic influxea of detrital sediment from the

craton, could protect some layers of limestone from the

hypersaline waters and dolomitization.

Such a depositional. environment also existed on a

regional scale. Evidence for this is the common occurrence

of atromatolites of the laterally linked hemispheroid

variety. Laterally linked hemispheroid stromatolite

structures are characteristically developed in the protect-

ed locations of reentrant bays and behind barrier islands,

where wave action is usually slight (Logan et al., 1964).

Madison Group

Nomenclature

The formations of the Madison Group were first

described by Peale (1893) while working near Three Forks,

Montana. Peale divided the Carboniferous rocks of this

region into the Madison and Quadrant Formations. He then
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subdivided the Madison into three units: the lower

Laminated Limestone, the middle Massive Limestone, arid the

upper Jaspery Limestone. These three units later were

renamed the Paine Shale, Woodhurst Limestone, and Castle

Limestone, respectively, by Weed (1900).

In 1922 Collier and Cathcart elevated the Madison

Formation to group status and changed the names of Peale's

Laminated and Massive Limestones to the Lodgepole Lime-

stone, and the Jaspery Limestone to the Mission Canyon

Limestone.

In 1942 Sloas and Hamblin revised the Madison Group of

southwestern Montana. They retained the group status and

formational names of Collier and Cathcart. However, they

divided the Lodgepole Formation into two members using part

of Weed's nomenclature the two members being the Paine

Shale and Woodhurst Limestone. Sloss and Hamblin (1942)

also designated a type locality for the Madison Group along

the north bank of the Gallatin River near Logan , Montana.

In 1967 a third member of the Lodgepole Formation, the

Cottonwood Canyon Member (basal member of the Lodgepole),

was described and named by Sandberg and Kiapper. The type

section for the Cottonwood Canyon Member lies on the west

side of the northern Bighorn Mountains, 16 miles east of

Lovell, Wyoming.
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Regional Distribution, Age, and Correlation

The Madison Group is a thick transgressive regres-

sive limestone sequence which covers most of Montana,

Eastern Idaho, and extends into Canada. The Madison Group

drops from group to formational rank in Wyoming because of

notable thinning of the formation.

The age of the Cottonwood Canyon Member of the

Lodgepole Formation was determined by Sandberg and Klapper

(1967) to range from Late Devonian to Early Mississippian,

based on conodont zonation. Later, Sandberg and others

(1982) revised the age span of the Cottonwood Canyon to be

from late Famennian (very Late Devonian) to early Kinderho-

okian (very Early Mississippian), based also on conodont

zonation.

The age of the Paine Member of the Lodgepole Formation

has been determined by Sando (1972) to range through the

Kinderhookian (Early Mississippian), based on conodont

zonation. Sandberg and others (1982) later revised the age

range to be from the middle to the end of the Kinderhook-

ian, based again on conodont zonation.

Sando (1972) determined the age of the Woodhurst

Member of the Lodgepole Formation to be Osagean (late

Early Mississippian), based on corals.. Sandberg and others

(1982) later refined the age of this member to early

Osagean, based on conodont zonation.

The age of the Mission Canyon Formation has been



determined by several individuals. Hildreth (1980)

collected corals and conodonts of Osagean age from the

Mission Canyon along the southeastern flank of the Armstead

anticline. Sando (1969) dated the Mission Canyon, using

foraminifera, as ranging from middle Osagean to early

Meramecian (early Middle Mississippian). Sandberg and

others (1982) confirmed Sando's age range, based on

conodont zonation.

Formations equivalent in age to the Lodgepole Forma-

tion are the Joana Limestone of Nevada and Utah, the

Redwall Limestone of Arizona, and the Englewood Formation

of South Dakota.

Formations equivalent in age to the Mission Canyon

Formation are the Castle Reef Dolomite of Utah, the

Leadville Limestone of Colorado, and the Monte Cristo

Limestone of Nevada.

Lodgepole Formation

Local Distribution and Topographic Expression

The Lodgepole Formation crops out at three different

localities within the thesis area. At the southern end

there are two exposures, one in the S, SE, section 2,

T. 9 S., R. 11 W., and the other extending from the NE,

NE, section 2, T. 10 S., R. 11 W. to the NE, section 35,

T. 9 5., R. 11 W. (Fig. 15). The northern exposure of the



48

- THS1S
AREA
BOUNDARY

1 LODGEPOLE
k FORMATION

Figure 15. ExposUres of the Lodgepole Formation in the
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Lodgepole crops out diagonally from northwest to southeast

across section 5, 1. 9 S., R. 11 W. (Fig. 15).

At the southern exposures of the Lodgepole, the

formation is a nonresistant slope-former with Individual

more resistant thin limestone beds protruding as ledges

from the slopes. Both southern exposures are truncated by

thrust faults. The southernmost outcrop has been thrust

over the older Jefferson Formation and in turn has been

overthrust by the younger Lombard Formation (for explana-

tion of younger over older thrust faulting see structure

section). The other outcrop Is terminated by a thrust

fault only at the bottom, having been thrust over the

Precambrian metasediments. It Is conformably overlain by

the Mission Canyon Formation.

The northern exposure of the Lodgepole lies between

outcrops of the Mission Canyon, in the core of the Nadigan

Gulch anticline. Because the Lodgepole is less resistant

than the Mission Canyon, It forms a swale between the

Mission Canyon outcrops, and is mostly covered with soil

and vegetation.

Some of the limestone beds within the Lodgepole

Formation are less competent than other limestone beds in

the formation. Consequently, during thrusting the more

competent beds remained intact and parallel to the pre-

thrusting bedding, whereas the less competent beds were

faulted or thrown into small scale diaharmonic folds.



Thickness

The Lodgepole Formation is about 800 feet thick in the

Williston Basin and Big Snowy Trough, increasing to 1,000

feet in southwestern Montana. The formation thins both

north and south of the Big Snowy Trough, to 550 feet in the

Little Rocky Mountains of northern Montana, and to 425 feet

in the Beartooth Mountains along the Wyoming-Montana border

(Smith and Gilmour, 1979).

In the Lima region of southwestern Montana, Scholten

and others (1955) measured thicknesses ranging from 550 to

800 feet. Hildreth (1980) measured a thickness of 1,100

feet 300 feet of the Paine Member and 800 feet of the

Woodhurat Member along the southeastern flank of the

Armstead anticline. In the thesis area the thickneas of

the Lodgepole ranges from a thrust fault-truncated feather

edge to a maximum of 700 feet; only the Woodhurat Member

is present.

Lithology

The Lodgepole Formation is divided into three members

the Cottonwood Canyon, Paine, and Woodhurat each having

a distinctive lithology.
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Cottonwood Canyon Member

The Cottonwood Canyon Member of the Lodgepole Forma-

tion, which in Montana is only present north and northeast

of Yellowstone National Park, consists of two separate

tongues. The basal bed of each tongue is a transgressive

lag deposit, a basal conglomerate in part, that Sandberg

and Klapper (1967) describe as characterized by:

"... abundant conodonts; fish plates, teeth, bones,
and scales; glauconite grains; large quartz sand
grains and granules; and granules, pebbles, and
cobbles derived from underlying rocks. "

The Cottonwood Canyon also is divided into two facies,

a western shale and siltetone facies and an eastern

dolomitic facies. Sandberg and Kiapper (1967) described

the shale and siltstone facies as a dark gray to black and

greenish gray, carbonaceous, dolomitic, quartzose shale and

mudetone, interbedded with moderate yellowish brown, dark

yellowish orange, or medium dark gray, limonitic, glauco-

nitic, carbonaceous, dolomitic siltstone/silty dolomite.

They described the dolomitic facies as mainly a very finely

crystalline to microcrystalline, Blightly calcitic, silty

dolomite that is platy to medium-bedded, light colored,

limonitic, glauconitic, and slightly hematitic.

The Cottonwood Member of the Lodgepole Formation is

restricted to the Yellowstone National Park region and is

not found in the thesis area.
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Paine Member

The Paine Member of the Lodgepole Formation has been

divided into five facies by Smith (1977). In ascending

order, these facies are:

1. a basal facies consisting of medium- to thick-bed-

ded, bioclastic and glauconitic grainstonea,

packatones, and wackestones, with abundant

cross-laminations, mottling, and burrows;

2. a dark calcareous mudstone fades consisting of

thin-bedded, dark, argillaceous, calcareous

mudatones containing interbeds or partings of more

argillaceous carbonate, and local replacement

chert;

3. a bioherm core fades which is enclosed within the

dark mudstone fades. The bioherms range up to

700 meters long (Cotter, 1965). They are charac-

terized by repeated medium- to thick-bedded,

calcareous mudstones and bioclastic wackeatones,

packatones, and grainstones. The major faunal

constituents are crinoids, fenestrate bryozoans,

brachiopods, coelenterates, and mollusks;

4. a bioherm facies composed of crinoid ossicles

In a carbonate mud matrix;

5. a shallow water facies consisting of bioclastic

and pellet mudatones, wackatones, and grainstones

in plane stratified to cross-laminated, medium to
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thick beds.

The Paine Member of the Lodgepole Formation is not

present in the thesis area having been tectonically removed

by thrust faulting, along with the underlying Three Forks

Format ion.

Woodhurat Member

The Woodhurat Member of the Lodgepole Formation is

divided into cyclic packages, each consisting of a thin-

bedded, fine-grained, nonresistant lower part, capped by a

more thickly bedded, coarser grained, bioclastic and

oolitic limestone that forms distinctive ledges (Smith and

Gilmour, 1979). Jenks (1972) and Smith (1972) divided each

individual cycle into five distinct lithologies; in

ascending order they are:

1. a bioclastic grainstone consisting of 10 to 15

percent ooids, 10 to 15 percent pellets, scattered

lithoclasts, and about 75 percent bioclasts of

crinoids, bryozoans, brachiopods, foraminifera,

and unidentified shell fragments

2. a dolomite containing undolomitized crinoid

fragments;

3. thin beds of mudstone, packstone, and wackeatone

which thin and pinch out over a few tens of feet.

These limestone beds are interbedded with shales

which are one-half to two inches thick;
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Figure 16. Photornicrograph. Biomicrite of the Woodhurat
Member of the Lodgepole Formation containing
uniserial, biserial, and fusulinid foramin-
ifera; crinoid, brachiopod, and trilobite
fragments; disarticulated ostracods; and
pellets (plane light, 6mm field of view).

4. very thick beds of argillaceous dolomite and

pellet packstone and grainstone consisting of

clay, quartz, silt, calcite, and dolomite. The

beds display planar and cross-laminations;

5. coid grainstone beds which are cross-bedded and

reverse graded.

Three of the lithologies found by Jenks (1972) and

Smith (1972) were found in the thesis area; in ascending

order they are:

1. a biomicrite containing uniserial, biserial, and

fusulinid foraminifera; crinoid, brachiopod, and

trilobite fragments; disarticulated ostracods;



, ( i;_ :

*. 411
P'iui:Q

.L4*
I

ø*DI'
II (. .,i1 ,.I*..

ji ':a.t#1r,:" ,',.\ -

,
,;

*
.

1I,cLjH,'
lb

I'l'?.: Il.' -, .:

,p
-

1

p4

4

-I z5t4 -4 1.

;

:
F -, 4L

:



56

and pellets (Fig. 16);

2. a pelmicrite containing pellets, ostracods,

foraminifera, and crinoid fragments (Fig. 17);

3. an oosparite containing 100 percent ocids

(Fig. 18).

The Woodhurat Member is thin- to thick-bedded and

the color of the individual beds is related to the presence

of hydrocarbons; the stronger the petroliferous odor on

fresh break, the darker the tone. Weathered surface colors

range from very light gray (5YR 8/1) to medium gray (N5);

the fresh surface colors range from light brownish gray

(5YR 6/1) to dark yellowish brown (5YR 4/2).

Environment of Deposition

The Lodgepole Formation was deposited during the

tranagressive phase of the Kaskaskia tranegressive-regrea-

aive sequence, just after the shelf edge had migrated

eastward from the Montana-Idaho border to the Yellowstone

Park region (Sandberg et al., 1982). During this trans-

gression a shallow sea existed in the thesis area, one

probably similar to the shallow carbonate platform of the

present day Bahamas today (Smith, 1972). Oolite shoals

developed in the higher energy, shallower regions of a

clinoform ramp - dipping west 010 (Sandberg et al., 1982;

Bathurst, 1975; Smith, 1972). These shoals shielded low

energy lagoonal environments which were conducive to the
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production and accumulation of faunal debris, pellets, and

carbonate mud. As the transgression progressed eastward,

the oolite shoal and lagoonal environments migrated

eastward producing the lithologic sequence (biomicrite/pel-

micrite, oosparite) which is present in the thesis area.

The oolitic banks and back bank lagoons repeatedly formed -

possibly the result of repeated minor tranagreesive-regres-

sive sequences and/or uplift and migrated across the

carbonate platform resulting in a repetition of this

lithologic package.

Mission Canyon Formation

Local Distribution and Topographic Expression

In the thesis area the Mission Canyon Formation is a

widespread resistant unit which caps most of the lower

elevation hills. The formation crops out at two localities

in the thesis area (Fig. 19). At the south the Mission

Canyon is present in the E3, section 35, 1. 9 6., R. 11 W.,

where it conformably overlies the Lodgepole Formation and

has had the younger Lombard Formation thrustd over it (see

structure section). In the north the Mieion Canyon is

exposed in the Madigan Gulch anticline where it conformably

overlies the Lodgepole Formation and is diaconformably

overlain by the Lombard Formation. At the southern

terminus of the Mission Canyon in the Madigan Gulch
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Figure 19. Exposures of the Mission Canyon Formation in
the thesis area.



59

anticline, the formation is faulted up against the Pennsyl-

vanian Quadrant Formation. The Mission Canyon is exposed

from the southern end of E3, section 16, northerly to the

NW, section 5, T. 9 S., R. 11 W. (Fig. 19).

Thickness and Lithology

The thickest sections of the Mission Canyon Formation

are in the Williston Basin, the Big Snowy Trough, and in

southwestern Montana. Thicknesses in these depositional

lows exceed 1,000 feet with thinning of the formation both

to the north and south (Smith and Gilmour, 79).

Kiepper and others (1957), while working in the

Elkhorn Mountains in the center of the Big Snowy Trough,

measured thicknesses ranging from 800 to 1,200 feet.

Tysdal (1976) measured a thickness of 1.370 feet for the

Mission Canyon in the Ruby Range of Montana. Hildreth

(1980) measured formation thicknesses ranging from 800 to

1,700 feet on the southeastern flank of the Armstead

anticline. The thickness of the Mission Canyon in the

thesis area ranges from a feather edge in the southern part

(a thrust fault termination), to a maximum of 950 feet in

the Madigan Gulch anticline.

The Mission Canyon Formation in southern Montana, as

defined by Smith and Gilmour (1979) in the Beartooth

Mountains, is divided into three members. In ascending

order they are:
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1. the Lower Limestone Member consisting of a basal

cherty, oolitic, and crinoidal limestone overlain

by interbedded limestone and dolomite;

2. the Cliffy Limestone Member consisting of a basal

solution breccia bed capped by a cliff-forming,

cherty, oolitic, and bioclastic limestone and

dolomitized limestone;

3. the Bull. Ridge Member which is characterized by a

solution breccia which resulted from the dissolu-

tion of evaporite minerals contained in a dolomite

bed.

In the thesis area the Lower Limestone and Cliffy

Limestone Members of Smith and Gilmour (1979) cannot be

distinguished from each other. Only two units can be

recognized in the thesis area a lower unit and an upper

unit correlative to the Bull Ridge Member.

The lower unit of the Mission Canyon in the thesis

area consists of 940 feet of medium to very thick beds of

resistant cherty biomicrite. The amount of chert, in the

form of nodules and stringers, increases up section. The

lower 500 feet consist of biomicrite containing dasycladac-

ean algae and fragments of crinoida, ostracods, brachio-

pods, bryozoans, and foraminifera (Fig. 20). The color of

the lower 500 feet, both fresh and weathered, varies from

very light gray (N8) to dark yellowish brown (1OYR 4/2).

Neomorphic recrystallization in some of the beds has so

destroyed the micrite matrix that the beds appear to be
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Figure 20. Photomicrograph. Biomicrite of the lower
Mission Canyon Formation containing dasyclad-
acean algae, and fragments of crinoids,
ostracods, brachiopods, acid foraminifera
(plane light, 6 mm field of view).

biosparites until one notices that the fenestrate bryozoans

still maintain their fragile natural linear structure

(Fig. 21).

The composition of the chert nodules and stringers in

the lower 500 feet of the lower unit varies with strati-

graphic position the higher in the section the first

occurrence of a given color of chert the higher the silica

content and the lower the carbonate content. In explana-

tion, in the lower 70 feet of the lower unit, the erosion-

ally resistant, pale yellowish brown (IOYR 6/2) weathered,
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Figure 21. Photomicrograph. Biomicrite of the lower

Nission Canyon Formation which has undergone
neomorphic recrystallization. Note linear

structure of the bryozoan zooecia in lower
right-hand corner (plane light, 6 mm field of

view).

pale red (5R 6/2> fresh, chert stringers and nodules

contain 60 percent quartz and 40 percent carbonate, the

quartz having replaced the carbonate leaving relict

outlines of fossils (Fig. 22). The grayish red (5R 4/2) to

pale yellowi8h orange (1OYR 8/6) chert nodules and string-

ers which first occur 100 feet above the base of the

Mission Canyon, contain 20 percent dolomite and 80 percent

chert with relict outlineB of fossil debris being common in

the chert (Fig. 23). The white (N8) chert which first

occurs 200 feet above the base of the formation, contains

100 percent chalcedony. After a given color of chert first
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appears it randomly continues to occur up to 500 feet above

the base of the formation; no chert occurs above the 500

foot level.

The upper 440 feet of the lower unit of the Mission

Canyon in the thesis area consist of light gray (N7) to

dark yellowish brown (1OYR 4/2) weathered, grayish brown

(5YR 3/2) to dark yellowish brown (IOYR 4/2) fresh, very

thick-bedded, coarsely crystalline dolomitea and nonfossil-

iferous micrites.

The upper unit of the Mission Canyon Formation in the

thesis area consists of a 10 foot thick solution breccia

(Fig. 24 & 25). The breccia consists of a moderate

yellowish brown (1OYR 5/4) matrix enclosing brownish gray

(SYR 4/1) limestone clasts ranging in size from 0.1 to

greater than 2 millimeters. The matrix consists of

30 percent angular to well rounded, poorly sorted, very

fine- to medium-grained detrital. quartz, and trace amounts

of well rounded tourmaline and zircon. The remainder of

the matrix is calcite cement with crystal sizes ranging

from micrite size to 0. 5 millimeters. There are two types

of clasts in the breccia, a nonfosailiferous micrite and an

intrasparite which contains micrite clasts ranging in size

from 0.5 to over 2 millimeters.
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Figure 23. Photomicrograph. Chert nodule from 100 foot
level of the lower Mission Canyon Formation
showing replacement of carbonate brachiopod
shell by quartz (upper photo plane light,
lower photo crossed polars; 6 mm field of
view).
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Figure 24. Solution breccia at the top of the Mission
Formation.

Figure 25. Photomicrograph. Solution breccia at the top
of the Mission Canyon Formation (plane light, 6
mm field of view).
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Environment of Deposition

The Mission Canyon Formation was deposited in the

thesis area during the latter stages of the tranagresaive

phase and during the regressive phase of the Kaskaskia

transgreasive-regresaive sequence (Sando, 1976). As the

Kaskaskia transgression culminated, during the Osagean

(Early Mississippian), there existed a broad, low energy,

carbonate clinoform ramp over most of Montana and Wyoming.

The environmental conditiOns on this platform were favor-

able for marine life and thus conducive to carbonate mud

formation. These environmental, conditions along with

continued sea level increases due to transgression, led to

the deposition of thick sequences of carbonate mud and

fauna]. debris - producing the biomicrites of the lower unit

of the Mission Canyon Formation - and the migration of the

shelf edge back to the west of the thesis area to the

Montana-Idaho border region (Sandberg et al., 1982;

I3utschick et al., 1980).

Regression and posBible epeirogenic uplift drained the

Cordilleran platform before the Kaskaskia sea had withdrawn

from the North American continent (Sando, 1976). As the

sea withdrew from the platform water circulation on the

platform became restricted because of shoaling, resulting

in hypersaline seas (Andrichuk, 1955). This led to

selective dolomitization of carbonate bedB in the upper

part of the lower unit of the Mission Canyon. As hypersa-
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unity increased, gypsum and anhydrite started to precipi-

tate, producing the evaporitea that cap the Mission Canyon

in the subsurface (Andrichuk, 1955; Middleton, 1961).

The solution breccia that caps the Mission Canyon in

the thesis area was produced when the evaporite beds were

subaerially exposed. Subaerial exposure resulted in the

dissolution of the gypsum and anhydrite leaving behind a

carbonate framework which eventually collapsed on itself.

Detritai. sediment and dissolved calcite transported into

the collapsed carbonate framework by meteoric water formed

the matrix and cement of the solution breccia. The

subaerial exposure of the evaporite beds could have

occurred at any time after deposition (Mississippian to

Recent). The solution breccia is not usually found in

drill holes; rather, anhydrite and gypsum are found. If

the evaporite beds had been subaerially exposed right after

deposition the evaporite minerals would have dissolved and

a solution breccia would be found in all drill holes.

Therefore, immediate subaerial exposure after the Kaskaskia

regression was not responsible for the formation of the

solution breccia (Middleton, 1961; Roberts, 1966).

Snowcrest Range Group

The carbonate rocks that underlie the Quadrant

Formation and overlie the Madison Group in southwestern

Montana and southeastern Idaho have previously been
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identified as belonging to the Big Snowy and Amaden Groups

(Hildreth, 1980; Maughan and Roberts, 1967; Scholten et

al., 1955). Wardlaw and Pecora (in press) believe that

the names Big Snowy and Ameden do not adequately apply to

the rocks dominated by carbonates in the southwestern

region of Montana where the Big Snowy and Amaden mainly

consist of clastic lithologies. Therefore, Wardlaw and

Pecora (in press) have proposed a new group the Snowcreat

Range Group to encompass these carbonate rocks.

The Snowcrest Range Group consists of the Kibbey

Sandstone, Lombard Formation, and Conover Ranch Formations

(in ascending order). In the thesis area the Lombard and

Conover Ranch Formations were identified, but outcrops of

the Kibbey Sandstone were not found. The lack of Kibbey

Sandstone in the theais area may be the result of localized

nondeposition, or the formation may be concealed by

colluvium. However, the Kibbey Sandstone is found on the

eastern flank of the Armstead anticline (Goodhue, 1986).

Lombard Formation

Nomenclature

The Lombard Formation was named by Wardlaw and Pecora

(in press) while revising the nomenclature for the carbon-

ate rocks that underlie the Quadrant Formation and overlie

the Madison Group in the southwestern region of Montana.
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Wardlaw and Pecora will be designating a type locality in

the S3, section 7 T. 4 N., R. 3 E., Toston 7.5 minute

quadrangle, reached by a road one kilometer north of

Lombard Station, Broadwater County, Montana.

Regional Distribution, Age, and Correlation

The Lombard Formation is widespread throughout

southwestern Montana, cropping out in the Tendoy Mountains,

Blacktail Mountains, Snowcrest Range, Ruby Mountains,

Pioneer Mountains, Tobacco Root Range, northwestern part of

the Gravelly Range, Elkhorn Mountains, Horseshoe Hills, and

Bridger Range (Wardlaw and Pecora, in press).

The age of the Lombard Formation has been determined

by Wardlaw and Pecora to range from late Meramecian (early

Late Mississippian) to late Chesterian (late Late llissis-

sippian), based on conodonts, brachiopods, foraminifera,

and corals collected from the southwesternmost occurrences

of the Lombard.

The Lombard Formation is correlative with the Otter

and Heath Formations of the Big Snowy Group and the Tyler

Sandstone of the Amsden Group in central Montana. The

Lombard is also time correlative with the South Creek

and Surrett Canyon Formations in east-central Idaho

(Wardlaw and Pecora).
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Local Distribution and Topographic Expression

The Lombard Formation crops out along the eastern edge

of the thesis area from the W3, section ii., T. 10 S., R. 11

W. to the SEE, section 23, T. 9 S., R. 11 W., and is

present, but rarely exposed, along both flanks of the

Madigan Gulch anticline from section 16, T.9 S., R 11

W. northward to the northern border of the thesis area

(Fig. 26).

The Lombard Formation forms a swale between the more

resistant overlying lower Conover Ranch Formation and the

underlying Mission Canyon Formation. Generally, the

Lombard swale is grass-covered with a few more resistant

beds protruding (Fig. 27).

Thickness and Lithology

In southwestern Montana, Wardlaw and Pecora (in press)

measured thicknesses for the Lombard Formation from 150

feet to as much as 400 feet. In the thesis area where the

formation is truncated by a thrust fault (section 11, T. 10

S., R. 11 W. and section 23, 1. 9 S., R. 11 W. ) or hinge

fault (section 9 and 16, T. 9 S., R. 11 W. ) the thickness

ranges from a feather edge to as much as 400 feet over a

short distance. Where the Lombard is conformably overlain

by the Conover Ranch and disconformably overlies the

Mission Canyon, and is undisturbed by faulting, the



LOMBARD
FORMATION

C A A V ON

72

Figure 26. Exposures of the Lombard Formation in the
thesis area.
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Figure 27. Grass-covered Lombard Formation overlain by the
more resistant lower Conover Ranch Formation.

formation has a uniform thickness of 400 feet.

Wardlaw and Pecora have described the Lombard Forma-

tion of southwestern Montana as consisting of:

. a geographically restricted lower unit of poorly
fossiliferous, thin- to thick-, indistinctively bedded
lime-mudatone and packatone and an upper unit of
fossiliferous, thin- to thick-bedded skeletal lime-
mudstone, wackestone, and packetone with thin inter-
beds of shale. "

In the thesis area the Lombard Formation consists of

thin- to thick-bedded micrites, biomicrites, and biospar-

ites. The micrites are grayish orange (1OYR 7/4) to very

pale orange (1OYR 8/2) weathered, yellowish gray (5Y 7/2)

to dark yellowish brown (1OYR 4/2) fresh, and contain less

than one percent very firie-grained detrital quartz (Fig.

28). The biomicrites are light olive gray (5Y 6/1)
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Figure 28. Photomicrograph. ?licrite from the Lombard
Formation (crossed polars, 6mm field of view).

Figure 29. Photomicrograph. Biomicrite from the Lombard
Formation containing fragments of brachiopods,
ostracods, and unidentifiable fossils (plane
light, 1.5 mm field of view).
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Photomicrograph. Biosparite from the Lombard
Formation containing fragments of brachiopods,
ostracods, crinoids, and unidentifiable fossils
(plane light, 6 mm field of view).

weathered, dark yellowish brown (1OYR 4/2) fresh, and

contain fragments of brachiopods, ostracods, and unidenti-

fiable fossil hash; the unidentifiable fossil fragments and

some of the matrix have undergone neomorphic recrystalliza-

tion (Fig. 29). The biosparites are grayish orange (1OYR

7/4) weathered, moderate brown (5YR 3/4) fresh, and contain

fragments of brachiopods, ostracods, crinoids, and unident-

ifiable fossils (Fig. 30).

Environment of Deposition

The Lombard and Conover Ranch Formations are a mini-

tranagressive-regressive package which was deposited during
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subsidence of the Cordilleran miogeosyncline during the

latest early Meramecian. This sudaidence led to the

reestablishment of a carbonate depositional environment in

the thesis area; this region had become emergent at the end

of deposition of the Mission Canyon Formation through

upwarping of the Cordilleran miogeoayncline (Sando, 1976).

The reaubmergence of the thesis area resulted in the

establishment of a carbonate shelf environment which was

conducive to the proliferation of marine life and the

accumulation of carbonate mud. The presence of biospar-

ites, biomicrites, and micrites indicates that minor

fluctuations in sea level - possibly the result of small

scale epeirogenic fluctuations of the platform and/or small

eustatic fluctuations during deposition of the Lombard

Formation led to fluctuating energy regimes which, in turn,

produced the varying lithologies. The biosparites were

deposited during times of higher energy, possibly during

periods of lower sea level when wave action and tidal

currents would have more influence on deposition. The

biomicritea and micrites were deposited during times of

lower environmental energy, possibly during periods of

higher sea level when tidal currents and wave action would

have less influence on carbonate mud deposition.
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The Conover Ranch Formation was named by Wardlaw and

Pecora (in press) while revising the nomenclature for the

carbonate rocks that underlie the Quadrant Formation and

overlie the Madison Group in the southwestern region of

Montana. Wardlaw and Pecora will designate a type locality

for the Conover Ranch on the northwest bank of Sheep Creek,

Conover Ranch, Beaverhead County, Montana.

Regional Distribution, Age, and Correlation

The Conover Ranch Formation has been found in the

Tendoy Mountains, Blacktail Mountains, Snowcrest Range,

northwestern part of the Gravelly Range, Elkhorn-Boulder

Mountains, Tobacco Root Range, and part of the Pioneer

Mountains of southwestern Montana (Wardlaw and Pecora).

The age of the Conover Ranch has been determined by

Wardlaw and Pecora to be late Chesterian (late Late

Mississippian) based on conodonts, brachiopods, foramin-

ifera, and corals. The formation is slightly younger

to the northeast and is as young as early Morrowan (Early

Pennsylvanian) along the Jefferson River of southwestern

Montana (Wardlaw and Pecora).

The Conover Ranch Formation is time correlative with
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part of the Tyler Sandstone and Alaska Bench Limestone of

the Amaden Group in central Montana, and with part of the

Bluebird Mountain Formation of east-central Idaho. The

Conover Ranch is correlative with, and a facies of, the

uppermost part of the Lombard Formation and the lowermost

part of the Quadrant Formation (Wardlaw and Pecora).

Local Distribution and Topographic Expression

The Conover Ranch Formation crops out continuously

along the eastern edge of the thesis area from the W,

section 11, T. 10 S., R. 11 W. to the SW, section 3, T. 9

S., R. 11 W. The formation also is present on both sides

of the Madigan Gulch anticline from section 16, T. 9 S.,

R. 11 W. to the northern end of the thesis area (Fig. 31).

In the thesis area the Conover Ranch Formation forms

ribs or hogbacks, depending on the dip angles of the beds.

From section 11, T. 10 S., R. 11 W. to section 26, T. 9 S.,

R. 11 W.., the formation dips at about 40 degrees and, as a

result, forms prominent hogbacks above the less resistant

Lombard Formation. In the Madigan Gulch anticline the beds

of the Conover Ranch are vertical producing low (3 to 5

foot) prominent ribs between the less resistant Lombard

Formation and the upper part of the Conover Ranch. The

Conover Ranch and Lombard Formations in the thesis area

resemble each other closely. The only way to differentiate

one from the other in the field is by recognition of the
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ribs and hogbacks produced by the lover beds of the Conover

Ranch.

Thickness and Lithology

In southwestern Montana, Wardlaw and Pecora measured

Conover Ranch thicknesses ranging up to 100 feet. In the

thesis area the thicknesB of the Conovex' Ranch Formation

ranges from a feather edge to as much as 445 feet. The

formation is truncated by a thrust fault in section 11,

T. 10 S., R. 11 W. and in section 10, T. 9 S., R. 11 W.,

resulting in an abrupt thickness variation from a feather

edge to as much as 400 feet. In the Madigan Gulch anti-

dine, where the formation conformably overlies the Lombard

Formation and is conformably overlain by the Quadrant

Formation, and is unaffected by faulting, the Conover Ranch

has a uniform thickness of 445 feet.

In southwestern Montana, Wardlaw and Pecora have

described the Conover Ranch Formation as:

a heterogeneous unit consisting largely of pale
reddish brown to pale reddish purple mudstone with
lesser units of thin-bedded marine limestone and
calcareous sandstone and siltatone. Cherty carbonate
conglomerate, phosphatic claystone, mottled or nodular
calcareous mudstone, and recrystallized grainstone are
locally present."

In the thesis area the Conover Ranch Formation is

divided Into two lithologic packages: the lower 395 feet

consist of fossiliferous limestone, and the upper 50 feet

are unfossiliferous dolomite. The limestone, a thin- to
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thick-bedded biomicrite, ranges in color from pale yellow-

ish brown (1OYR 6/2) to a light gray (N7) weathered, end

pale yellowish brown (XOYR 6/2) to moderate yellowish brown

(I0YR 5/4) fresh. The biomicrite beds contain dasycladac-

ean algae and fragments of crinoids, fusilinids, mollusks,

ostracoda (some whole), and bryozoana (Fig. 32 & 33). Some

of the beds contain up to one percent fine-grained detrital

quartz. The lower 200 feet of the biomicrite contain white

(N9) and moderate red (5R 4/6) chert nodules, lenses, and

stringers.

The upper 50 feet of the Conover Ranch Formation

conaist of thin- to thick-bedded unfossiliferous dolomite

ranging in color from very pale orange (1OYR 8/2) to light

brown (SIR 6/4) weathered, dark yellowish brown (IOYR 8/2)

to pale brown (SIR 5/2) fresh. The dolomite is finely

crystalline and contains very fine-grained, well sorted,

angular detrital quartz, the concentration of which

progressively increases from one to 25 percent with higher

stratigraphic position (Fig. 34).

Environment of Deposition

The Conover Ranch Formation was deposited during the

final stages of the Kaskaskia tranagressive-regressive

sequence. At the beginning of Conover Ranch deposition the

thesis area was a low energy carbonate platform (Poole and

Sandberg, 1977) with good open ocean circulation and



82

Figure 32. Photomicrograph. Biomicrite from the Conover
Ranch Formation of the thesis area containing
dasycladacean algae, and fragments of crinoids,
fusulinids, mollusks, ostracods, and bryozoans
(crossed polars, 6 mm field of view).

abundant marine life. This environment led to the deposi-

tion of the biomicrites which make up the lower 350 feet

of the formation in the thesis area.

The presence of unfossiliferous dolomites at the top

of the formation indicates that near the end of the

regression the water circulation in the depositional

environment became more restricted, leading to an increase

in salinity and a decrease in the quantity of marine life.

During the deposition of the upper most 50 feet of the

Conover Ranch Formation in the thesis area, epeirogenic

uplift of the Canadian Shield to the north (Steam et al.,

1979) resulted in emergent areas that provided a slowly
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increasing detrital sediment supply. This is reflected in

the increasing amounts of very fine-grained detrital quartz

in the upper part of the formation with higher atratigraph-

ic position. The source of the detrital quartz grains

might have been recycled sands of the Middle Ordovician

Chazy Sandstone of Idaho, northern Washington, British

Columbia, and Alberta (Maughan, 1975). Increased erosion

of the Chazy rock at the end of the Kaskaskia regression

also possibly provided the fine-grained quartz for the

overlying Quadrant Formation in the thesis area (Maughan,

1975).

The gradational nature of the contact between the

Conover Ranch Formation and the overlying Quadrant Forma-

tion, and the presence of dolomite in the upper 50 feet of

the Conover Ranch, indicate that at the end of the Kaskas-

kia regression the sea had not fully withdrawn from the

thesis area. However, withdrawal was sufficient to

restrict water circulation and increase the salinity on the

shelf to the point that dolomitization of the upper 50 feet

of the Conover Ranch occurred, possibly by the seepage-

ref lux method.
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Quadrant Formation

Nomenclature

Iddings and Weed (1899) named the Quadrant Formation

while studying the geology of the Gallatin Range of

Montana. The first published reference to the Quadrant was

by Peale in 1893, after a field conference with Iddings and

Weed. In his description of the Quadrant in the Three

Forks region of Montana, Peale included the underlying

Amaden Formation. This mistake was corrected by Scott

(1935) when he redeacribed the Quadrant at the type

section.

The type section for the Quadrant Formation was

designated by Iddings and Weed (1899) for exposures on the

southeastern side of Quadrant Mountain in the northwestern

part of Yellowstone National Park.

Regional Distribution. Age, and Correlation

The Quadrant Formation is a highly resistant cliff-

and mountain-former which is prominent in parts of south-

western Montana, northwestern Wyoming, and areas of western

and central Montana and north-central Wyoming (Maughan,

1975; Mallory, 1975).

The age range of the Quadrant Formation is believed to

be from Desmoinesian (early Middle Pennsylvanian) to early
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Permian, but the upper part of the formation has not been

paleontologically dated (Maughan, 1975). Few fosails have

been found in the Quadrant, but some fusulinids found at

the type locality indicate an age of Deamoinesian (Thompson

and Scott, 1941).

The Early Permian upper age limit for the Quadrant

Formation (Maughan, 1975) is substantiated in the thesis

area by the nature of the contact between the Quadrant and

the overlying Grandeur Member of the Park City Formation.

The age of the Grandeur Member has been determined to be

Early Permian (Frenzel and Mundorff, 1942). The contact

between the Grandeur Member and the Quadrant is conformable

in the thesis area, indicating that deposition of the

Quadrant ceased during the Early Permian; the contact

between the Quadrant and Grandeur is disconformable in most

other areas.

The Quadrant Formation is correlative to the Tenaleep

Formation of Wyoming and south-central Montana, the Wells

Formation of eastern Idaho, and the Minnelusa Formation of

North and South Dakota and northeastern Wyoming.

Local Distribution and Topographic Expression

The Quadrant Formation is the most widespread and

topographically distinctive of all the formations in

the thesis area, capping all mountains and high ridges.

The formation is continuously exposed from the southern
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(sections 10 and 11, T. 10 S., R. 11 W.) to the northern

end (section 32, T. 9 S., R. 11 W. ) of the thesi area

(Fig. 35). The Quadrant is the only formation in the

thesis area that permits tree growth, making it very easy

to recognize in the field (Fig. 36).

Thickness and Lithology

The thickness of the Quadrant Formation gradually

increases from a feather edge in central Montana, to 230

feet at its type locality in Yellowstone National Park

(Scott, 1935). South and west of the type locality the

Quadrant thickens markedly to thicknesses in excess of

2,500 feet along the southwestern Montana border (Smith and

Gilmour, 1979).

In the thesis area the thickness of the Quadrant

Formation ranges from a feather edge to a maximum of 1,000

feet, depending on the nature of the upper and lower

contacts. In localites where the upper contact is conform-

able with the overlying Park City Formation, the thickness

is 1,000 feet. At places where the formation has been

truncated by a thrust fault (NW, section 4, T. 9 S., R. 11

W. ), a normal fault (NE, section 8, 1. 9 S., R. 11 W. ), or

a diagonal-slip fault (SW4, section 2, 1. 10 S., R. 11

W. ) the thickness decreases abruptly to a feather edge.

At the type locality the Quadrant Formation consists

of a thick-bedded, white to pink, fine- to medium-grained
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Figure 35. Exposures of the Quadrant Formation in the
thesis area.
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Figure 36. Tree-covered Quadrant Formation ridges in the
thesis area.

sedimentary quartzite, with thin beds of siliceous lime-

stone and calcareous sandstone in the upper part of the

formation (Scott, 1935).

In the thesis area the Quadrant Formation has been

tectonically fractured to the point that large amounts of

Quadrant talus cover all Quadrant outcrops, almost totally

obscuring any bedding that might be present. From the

isolated outcrop seen through the talus a general litho-

logic picture of the formation was obtained. The lithology

of the formation In the thesis area varies from a calcare-

ous sandstone at the base, to a silica-cemented sandstone

in the middle, and back to a calcareous sandstone at the

top.

The basal and upper sections of the formation consist
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of a very pale orange (1OYR 8/2), fine-grained quartz

arenite containing well rounded to rounded, well sorted

detrital quartz, and trace amounts of tourmaline and

zircon. The detrital grains are cemented with calcite.

The middle of the formation consists of a moderate

yellowish brown (1OYR 5/4) weathered, pale greenish yellow

(1OY 8/2) fresh, very fine-grained quartz arenite contain-

ing well rounded to subrounded, well sorted detrital quartz

and a trace amount of zircon. The quartz grains exhibit

well developed quartz overgrowtha and solution suture

zones, and are cemented with silica.

At the upper contact of the Quadrant Formation in the

thesis area there is an intraformational breccia bed. The

breccia consi.sts of very pale orange (1OYR 8/2) clasts of

the overlying Park City Formation in a pale yellowish brown

(IOYR 6/2) weathered, grayish orange pink (5YR 7/2) fresh,

matrix. The clasts are up to one inch long and are

subrounded to angular. The clasts consist mainly of

uine-grained calcite with a few clasts of chert and

chalcedony. The matrix consists of very fine- to fine-

grained detrital quartz and trace amounts of zircon and

tourmaline cemented by silica and minor amounts of cal-

cite. The quartz grains are poorly sorted and well rounded

to angular.
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Environment of Deposition

The lithology of the Quadrant Formation in the thesis

area, calcareous sandstone - sandstone calcareous

sandstone, indicates an environment of deposition that

gradually shifted from the carbonate deposition of the

underlying Conover Ranch Formation (the final stages of

regression), to clastic deposition of the Quadrant Forma-

tion (the height of the regression), and gradually back to

carbonate deposition of the overlying Park City Formation

(the beginning of a new transgression). At the end of

Conover Ranch deposition a gradually increasing influx of

clastic sediment and decreasing basinal depth as a result

of the final stages of the Kaskaskie regression, resulted

in the gradual shifting from a lower energy carbonate to a

higher energy littoral depositional environment favorable

only to clastic deposition. The clastic depositional

environment then gradually shifted back to a carbonate

depositional environment with increasing basinal depths and

the decreased sediment supply that resulted from the

Absaroka transgression.

The purity, rounding, and sorting of the clastic

debris that makes up the Quadrant Formation, 99 percent

well sorted, well rounded to subrounded quartz grains,

implies recycling of an existing quartzose sandstone.

?laughan (1975) has described the source of the recycled

sands as possibly being the Middle Ordovician Chazy
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Sandstone of Idaho, northern Washington, British Columbia,

and Alberta.

After the depositionaL environment had shifted to the

low energy carbonate deposition of the Park City Formation,

the first carbonates were deposited on unconsolidated

Quadrant sands. These carbonates lithified faster than the

underlying sands. Subsequent storm activity disrupted the

partially lithified carbonate beds and mixed the resultant

carbonate clasts with the underlying Quadrant sands. This

resulted in the formation of the intraformational breccia

that occurs at the top of the Quadrant Formation in the

thesis area.

Permian System

The Permian System of Idaho, Montana, and Wyoming

consists of widely varying lithologic units which exhibit

complicated intertonguing relationships, the results of

continuous deposition in shifting depositional environ-

ments. Within this intertonguing complex three fundamental

units have been recognized: the Park City Formation,

mainly carbonate rocks with minor sandstones; the Phosphor-

Ia Formation, consisting of phosphatic, carbonaceous, and

cherty rocks; and the Shedhorn Formation, dominated by very

fine-grained sandstone (McKelvey et al., 1956).

The Park City and Phosphoria Formations have been

subdivided: the Park City into two members: the Grandeur
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Franson; and the Phoaphoria into five members: the

:e Peak Phosphatic Shale, Rex Chert, Retort Phosphatic

e, Toai Chert, and "cherty shale" (Fig. 37). In the

is area both members of the Park City and four members

he Phosphoria- the Meede Peak, Rex Chert, Retort, and

are present (Fig. 37).

Regional Distribution, Age, and Correlation

An excellent summary ox the ietrbut1on ox the

Permian System is stated in McKelvey and others (1956). To

quote:

"The Phosphoria Formation is best developed in
eastern Idaho, northern Utah, western Wyoming, and
southwestern Montana, but tongues of it extend over a
much wider area. The Park City Formation is best
developed in north-central and eastern Utah and in
southwestern and west-central Wyoming, but tongues
extend to eastern Idaho and to Montana as well. The
Shedhorn Sandstone is best developed in the general
vicinity of Yellowstone Park, but tongues extend over
much of southwestern Montana and northwestern Wyom-
ing."

The ages of the Permian units of Montana, Idaho, Utah,

and Wyoming have been determined by a number of investi-

gators using paleontological evidence. Brachiopod assembi-

ages collected by King (1930) and Yochelson (Boyd and

Maughan, 1973) from the Phoaphoria Formation, indicate an

age range from Early to Middle Permian. Miller and Cline

(1934) determined a Middle Permian age for the Phosphoria

based on an assemblage of nautiloid and ammonoid cephalo-

pods found in the Meade Peak Phosphatic Shale Member of the
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PERMIAN SYSTEM STRATIGRAPHY

S.W. MONTANA THESIS AREA

Shedhorn Shedhorn

Formation Formation

Tosi Chert Member Tosi Chert Member

Phosphor Ia Formation Phosphor ia Formation

Retort Phosphatic Retort Phosphatic

Shale Member Shale Member

Phosphoria Formation Phosphoria Formation

Rex Chert Member Rex Chert Member

Phosphoric Formation Phosphoric Formation

Meade Peak Phosphatic
Franson Member

Shale Member
Phosphoric Formation

Park City Formation

Meade Peak Phosphatic
Franson Member

Shale Member
Park City Formation

Phosphoria_Formation

Grandeur Member Grandeur Member

Park City Formation Park City Formation

Figure 37. Members of the Park City and Phosphoria
Formations present in southwestern Montana and
the thesis area.
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Phosphoria Formation. Fx-enzel and Mundorff (1942), using

fusulinida, determined an age of Wolfcampian (Early

Perinian> for the Grandeur Member of the Park City Forma-

tion. Because of the complicated intertonguing relation-

ships between the Park City, Phosphoria, and Shedhorn

Formations in the Idaho-Montana-Wyoming-Utah region, the

three formations can be considered to be time correlative.

Other formations of similar age are: the Satanka,

Goose Egg, and Chugwater Formations of southeastern Wyoming

and northern Colorado; the Ninnekahta Limestone of eastern

Wyoming, western South Dakota, and southeastern Montana;

and the Kaibab, Gerster, Plympton, and Nurdock Mountain

Formations of central and southern Utah, eastern Nevada,

and Arizona (Sadler, 1980).

Local Distribution and Topographic Expression

In the thesis area Permian rocks are widespread, with

the most extensive exposures being in the Cedar Creek

syncline and along the western edge of the Madigan Gulch

anticline. Subordinate outcrops of the Permian occur in

the northern area, in sections 5, 8, and 16, T. 9 S., R. 11

W., diagonally through section 4, T. 9 5., R. 11 W., and in

and along the western edge of Hans Peterson Flats (Fig.

38).

The Permian rocks in the thesis area are steeply

dipping and have been deeply dissected by ephemeral
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streams, resulting in a conspicuous flatiron topographic

expression (Fig. 3).

Park City Formation

Nomenclature

The Park City Formation was named by Boutwell in 1907

while working in Big Cottonwood Canyon near Salt Lake City,

Utah. He defined the formation as those carbonates, cherty

carbonates, and calcareous sandstones which underlie the

red shales of the Triasaic Woodside Formation, and overlie

the Pennsylvanian Weber Quartzite.

In 1909, at the type locality, a tongue of phosphatic

shale was found within the Park City Formation (Gale and

Richards, 1910). This led to the Park City being divided

into three members: lower, middle, and upper (McKelvey et

al., 1956).

The middle member was traced northward into the

Phosphoria Formation by Richards and Mansfield in 1912. In

1956 this member was recognized as being a tongue of the

Meade Peak Phosphatic Shale Member of the Phosphoria

Formation (McKelvey et al., 1956). At that time the upper

member was renamed the Franson Member-by Cheney, and a type

locality was designated in Franson Canyon, Utah (McKelvey

et al., 1956). The lower member was renamed the Grandeur

Member by Cheney in 1959 (McKelvey et al., 1959).
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Figure 38. Exposures of the Permian System in the thesis
area.
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Thickness and Lithology

In the thesis area the Park City Formation conformably

overlies the Pennsylvanian Quadrant Formation and is 170

feet thick. Both members of the Park City are present, but

are separated by a four foot thick tongue of the Meade Peak

Phoaphatic Shale Member of the Phosphoria Formation.

Grandeur Member

The general lithology of the Grandeur Member consists

of interbedded carbonates, calcareous sandstones and

siltatones, and cherty carbonates (McKelvey et al., 1956;

Creasman and Swanson, 1964).

In the thesis area the Grandeur Member is 124 feet

thick and consists of 120 feet of very pale orange (1OYR

8/2) weathered, pale yellowish brown (1OYR 6/2) fresh,

finely crystalline dolomite. At the bottom of the member

the dolomite is very clean and becomes progressively

'dirtier" near its upper boundary. The near the top of

this member dolomite contains up to 29 percent very fine

detrital quartz and three percent phosphate.

The upper four feet of the Grandeur Member are thin

beds of dolomite and chert. The dolomite iB a pinkish

gray (5YR 8/i.) weathered, grayish orange pink (5YR 7/2)

fresh, very finely crystalline, pellet dolomite (Fig. 39).

There are two types of chert beds: a moderate yellowish
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brown (1OYR 5/4) weathered, very light gray (N8) fresh,

dolomitic chert; and a dark yellowish brown (1OYR 6/2)

weathered, moderate brown (5YR 3/4) to very light gray (N8)

fresh, chert containing five percent fine detrital quartz,

trace amounts of dolomite, and locally up to 20 percent

oxidized pyrite crystals (Fig. 40).

Franson Member

Mckelvey (1956) described the Franson Member, at its

type locality, as consisting of three units: a lower unit

composed mostly of light gray and grayish brown carbonate

rock; a middle unit dominated by light gray and brownish

gray calcareous sandstone, with subordinate chert beds and

nodules; and an upper unit composed mainly of white and

light gray carbonate rock.

In the thesis area the Franson Member is about 42 feet

thick and contains three units. The lower unit is 20 feet

thick and consists of a very pale orange (1OYR 8/2)

weathered, light brown (SYR 6/4) fresh, micrite containing

two percent very fine detrital quartz. The micrite has

undergone neomorphic recrystallization resulting in a very

fine crystalline texture.

The middle unit is a one and one-half foot thick chert

bed that consists of a yellowish gray (5YR 7/2) weathered,

medium gray (N5) fresh, chalcedony with former void spaces

filled by both chalcedony and quartz (Fig. 41). Relict
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Figure 40. Photomicrograph. Chert of the Grandeur Member
of the Park City Formation. Note oxidized
pyrite crystals in upper photo (top photo
plane light, bottom photo crossed polara; 1.5
mm field of view).
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outlines of sponge spicules are common in the chalcedony.

The upper unit of the Franson Member consists of 20

feet of grayish orange (IDYR 7/4) weathered, dark yellowish

brown (1OYR 4/2) fresh, finely crystalline, cherty dolo-

mite. The dolomite contains 30 percent chalcedony and

trace amounts of very fine-grained detrital quartz, phos-

phate, and zircon. The dolomite has a fetid odor on fresh

break.

Phosphoria Formation

Nomenclature

In 1q12 Richards and Mansfield named the Phosphoria

Formation and designated a type locality at Phosphorla

Gulch, Bear Lake County, Idaho. Since then the Phosphoria

has been divided into five members: the Meade Peak

Phosphatic Sale, Rex Chert, Retort Phosphatic Shale, Tosi

Chert, and "Cherty shale" members. Only three of the

members are found at the Phosphoria Formation type local-

ity: the Meade Peak, Rex Chert, and Retort.

Meade Peak Phosphatic Shale Member

Nomenclature

The Meade Peak Phosphatic Shale Member was named by
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McKelvey in 1956, after Meade Peak in southern Idaho. The

?leade Peak type locality is identical with that of the

Phosphoria Formation's Phosphoria Gulch, Bear Lake

County, Idaho.

Thickness and Litholopy

The Meade Peak Phosphatic Shale Member, at the type

locality, consists of about 200 feet of phosphorite,

carbonaceous mudstone, phoephatic mudstone, and dark

dolomite and limestone. Regionally, the phoaphorite ranges

from a conglomerate, in the Gravelly Range, to a sandstone

and mudstone in the Lima region of Montana (Cressman and

Swanson, 1964).

In the thesis area the Meade Peak Phosphatic Shale

Member consists of a four foot thick tongue which separates

the Grandeur and Franson Members of the Park City Forma-

tion. The Meade Peak consists of a light gray (N7)

weathered, brownish gray (5YR 6/1) fresh, pebble conglomer-

ate, containing 55 percent phosphorite pebbles, 30 percent

fine to coarse detrital quartz, and 15 percent cement.

Three different types of cement occur in an apparently

unsystematic fashion in the Meade Peak: quartz, calcite,

and phosphate (Fig. 42).
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Rex Chert Member

Nomenclature

The Rex Chert Member was named by Gale in 1912 after

Rex Peak in the Crawford Mountains, Rick County, Utah

(Richards and Mansfield, 1912). The original description of

the Rex Chert near Rex Peak described it as consisting

largely of dolomite, but later authors generally referred

to the main chert unit of the Phosphoria Formation when

describing the Rex Chert. Because of this, McKelvey (1956)

redesignated the type locality to the Phosphoria Gulch area

in southeastern Idaho, and restricted the name Rex Chert

to the dominantly cherty interval above the Meade Peak

Phosphatic Shale Member.

Thickness and Litholopy

The Rex Chert Member, at the type locality, consists

of a 20 foot thick basal zone of nonresistant chert and

carbonate rock overlain by 125 feet of resistant chert

(McKelvey, 1956). In southwestern Montana this member

is chiefly bedded chert, and locally contains minor amounts

of cherty mudatone, phosphorite, and carbonate rock

(Cresaman and Swanson, 1964).

In the thesis area the Rex Chert Member is 100 feet

thick, conformably overuse the Franson Member of the
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Figure 42. Photomicrograph. Meade Peak Phosphatic Shale
Member of the Phosphoria Formation containing
phosphorite pebbles and detrital quartz (top
photo çlane light, bottom photo crossed polars;
6 mm field of view).
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Park City Formation and is divided into three units. The

basal unit is an 80 foot thick mixture of thick-bedded

light gray (N7) to pale yellowish brown (1OYR 6/2) weather-

ed, medium light gray (N6) to light gray (H7) fresh, very

cherty sandstones and sandstones. These two lithologies

randomly grade back and forth between each end member

within the same bed.

The sandstone is a coarse-grained quartz arenite that

has a salt-and-pepper appearance. It consists of a

coarse-grained, well sorted, well rounded mixture of 61

percent quartz, 13 percent chalcedony, and three percent

chert. The individual grains exhibit well developed quartz

overgrowths and solution suture zones. This sandstone has

the highest porosity of any in the thesis area an

interparticle porosity of 22 percent determined by point-

counting

The cherty sandstone is a quartz arenite consisting of

49 percent fine- to medium-grained detrita]. quartz, 40

percent chalcedony cement, six percent fine- to medium-

grained detrital chert, and five percent fine- to medium-

grained detrital chalcedony. All grains are well, rounded

and well sorted. The quartz grains exhibit well developed

quartz overgrowths and, where in contact with each other,

well developed solution suture zones.

The middle unit of the Rex Chert is a two foot thick

bed of phosphatic cherty dolomite, which conformably

overlies the lower unit (Fig. 43). This bed consists of a
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medium light gray (N6) weathered, pale yellowish brown

(1OYR 6/2) fresh, finely crystalline dolomite, containing

10 percent phosphatic fragments and nodules up to one

centimeter in length, two percent very fine-grained

detrita]. quartz, minor chalcedony replacing fossil f rag-

ments, and a trace amount of glauconite pellets.

The upper unit of the Rex Chert is 20 feet thick and

is a thick-bedded cherty sandstone to sandstone that Is

very similar in lithology to the lower unit of the Rex

Chert.

Retort Phosphatic Shale Member

Nomenclature

The Retort Phosphatic Shale Member of the Phosphoria

Formation was named by Swanson in 1956 (McKelvey et al.,

1956) for Retort Mountain in the Blacktail Mountains, about

ten miles south of Dillon, Montana. This member is exposed

at the Phosphoria type locality, but the best exposure is

in a bulldozer trench at the Sheep Creek locality (lot

1234) of the United States Geological Survey Professional

Paper 313-C (Creesman and Swanson, 1964).

Thickness and Lithology

At the type locality the Retort Phoaphatic Shale
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Figure 43. Photomicrograph. Phosphatic cherty dolomite 0±
the middle unit of the Rex Chert ?lember of the
Phosphoria Formation (top photo plane light
bottom photo crossed polars; 6 mm field of
view).
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Member consists of pelletal phosphorite, phoaphatic

mudatone, and mudatone (MoKelvey et al., 1956). Over its

southwestern Montana range Cressman and Swanson (1964) have

divided the Retort into three facies, based on the charact-

eristics of the phosphorite. The facies are:

1. the nodular phosphorite facies, characterized by

dark argillaceous pelletal phosphox-ite that

contains 10 to 20 percent compound (two or more

nodules cemented together) phoaphorite nodules;

2. the pelletal phosphorite facies, characterized by

pelletal phosphorite with no nodular, oolitic, or

skeletal phosphorite beds;

3. the marginal facies, characterized by oolitic and

skeletal phosphorite beds.

In the thesis area the Retort Phosphatic Shale Member

is exposed only in a bulldozer trench that was dug in

1948. A very detailed description of the Retort exposed in

the trench was published by Creasman and Swanson in 1964.

In their report the trench is called the Cedar Creek

trench, lot 1256. The condition of this trench has

deteriorated over the years, and the thesis area descrip-

tion of this member has been compiled from what remains of

the exposures in the trench.

In the thesis area the Retort Phosphatic Shale Member

belongs to the marginal facies of Creasman and Swanson

(1964). The member is 25 feet thick and conformably

overlies the Rex Chert. The lower third of the Retort
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consists of thin beds of dolomite and sandstone. The

dolomite is a very pale orange (IOYR 8/2) weathered, pale

yellowish brown (1OYR 6/2) fresh, very finely crystalline

dolomite. The sandstone is a grayish orange (1OYR 7/4)

weathered, dark yellowish brown (1OYR 4/2) fresh, dolomit-

ic, fine-grained, lithic arenite, containing 52 percent

detrital quartz, 32 percent dolomite cement, nine percent

phosphorite fragments, three percent chert, three percent

chalcedony, and one percent glauconite pellets.

The middle third of the Retort is predominantly (40 to

90 percent) phosphorite (Fig. 44) - the amount varying with

stratigraphic position in the section. The phosphorite is

thin-bedded with weathered colors ranging from moderate

orange pink (5YR 8/4) to grayish orange (1OYR 7/4), and

fresh colors ranging from grayish brown (5YR 3/2) to

moderate brown (5YR 4/4). The phosphorite constituents

are ooids, pellets, fossil fragments, and nodules.

Firie-grained detrital quartz and glauconite pellets occur

in trace amounts throughout the middle third of the

Retort. On fresh break the odor of the phosphorites

varies from a very weak to a very strong fetid, petrolifer-

ous odor; the stronger the odor the higher the percentage

of phosphorite present in the bed.

The upper third of the Retort consists of thin beds of

dolomite and chert. The dolomite is a very pale orange

(1OYR 8/2) weathered, dark yellowish brown (1OYR 4/2)

fresh, very finely crystalline dolomite, containing trace
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Figure 44. Rhotomicrograph. Phosphorite of the Retort
Phosphatic Shale Member of the Phosphoria
Formation. Note phosphorite ooids (plane light,
6 mm field of view).

amounts of fine-grained detrital quartz and phosphorite

fragments. The chert is a very pale orange (1OYR 8/2)

weathered, grayish orange (1OYR 7/4) to moderate yellowish

brown (1OYR 5/4) fresh, dolomitic, sandy chert, containing

46 percent chalcedony, 23 percent very fine- to fine-grain-

ed detrital quartz, 22 percent dolomite, and eight percent

phosphorite nodules and fossil fragments.
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Tosi Chert Member

Nomenclature

The Tosi Chert Member was named in 1956 by Sheldon

(McKelvey et al., 1956). Sheldon designated a type

locality along Tosi Creek near the southern end of the Gros

Ventre Range of western Wyoming, where it consists of 33

feet of bedded chert.

Thickness and Lithology

At the type locality, Sheldon described the Tosi Chert

as consisting of two units: a 25 foot thick lower unit of

brownish gray to brownish black chert, and an eight foot

thick upper unit of gray sandy chert (McKelvey et al.,

1956).

In the thesis area the Tosi Chert is about 70 feet

thick. The member is gradational with the Retort Phosphat-

ic Shale Member below, and the Shedhorn Formation above,

making it difficult to determine the precise thickness of

the Tosi. The lithoi.ogy of the Tosi Chert in the thesis

area is very uniform, consisting of a thin-bedded, pale

yellowish brown (IOYR 6/2) weathered and fresh, chert/chal-

cedony mixture, containing two percent very fine-grained

detrital quartz, one percent phosphorite fossil fragments,

and trace amounts of dolomite and glauconite pellets.
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Cherty Shale Member

Nomenclature

The "cherty shale" member name was applied by McKelvey

and others (1956) to 60 feet of hard, thin-bedded, olive

gray mudatone, which separates the Tosi Chert and Retort

Phosphatic Shale at Big Sheep Canyon in southwestern

Montana. This member is not present in the thesis area.

Shedhorn Formation

Nomenclature

The Shedhorn Formation was named by Cresaman and

Swanson (NcKelvey, 1956) in 1956 during a United States

Geological Survey project to revise the Permian Phosphoria

and Park City formational nomenclature. Cressman and

Swanson designated a type locality in the cliffs on the

north side of Indian Creek, about one-quarter mile west of

the mouth of Shedhorn Creek, In the SW of section 20, T. 8

S., R. 2 E., Madison County, Montana.

Thickness and Lithology

At the type locality the Shedhorn Formation consists

of two members: a 60 to 80 foot thick upper member, and a
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48 foot thick lower member. The upper member thins west of

the type locality and gradually pinches out about 20 miles

west of Dillon, Montana. At the type locality the upper

member consists of sandstones with chert interbeds, lenses,

and nodules (Cresaman and Swanson, 1964).

The lower member abruptly thins west of the type

locality and pinches out about 15 miles east of Dillon,

Montana (Cresaman and Swanson, 1964). The lower member

consists of sandstone, cherty sandstone, and minor inter-

bedded dolomite (McKelvey et al., 1956).

In the thesis area the thickness of the Shedhorn

Formation is in excess of 100 feet. The exact thickness

cannot be determined because of the gradational nature of

the lower contact with the underlying Tosi Chert Member of

the Phosphoria Formation, and the lack of exposure of the

upper contact.

The lithology of the Shedhorn Formation in the thesis

area is quite uniform, consisting of a moderate yellowish

brown (IOYR 5/4) weathered and fresh, dolomitic, sandy

chert (Fig. 45). The chert contains 45 percent chert

cement, 30 percent fine-grained detrital quartz, three

percent phoaphorite nodules and fossil fragments, and trace

amounts of glauconite and oxidized pyrite crystals. The

quartz grains are poorly sorted and angular. Because of the

poor exposure of the Shedhorn in the thesis area it is not

possible to determine which units of Cressman and Swanson

(1964) are present in the thesis area.



116

Ft
' :

.':
k! .c ' a

I
l4

I.' 4
.y.

.. ;
... ;

I

: .: !

%.v

J : .

..
.. .4 '

?
. .'

:

'P.- p

'

- - ;.. :.. VId.*.

:
- A ' ft

. - ,,. ... ''

Figure 45. Photomicrograph. Dolomitic sandy chert of the
Shedhorn Formation (top photo plane lights
bottom photo crossed polars; 6 mm field of
view).
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Permian Depositional Environments

The most important environmental indicators in the

Permian lithologic package are the phosphorite beds. In

order for phosphorite beds to form, a specific sequence of

events must take place. Baturin (1982) described this

sequence of events as, first, an upwelling zone must be

established in the area. This vii]. produce a sediment

consisting primarily of siliceous and phosphatic oozes -

the result of accumulation of phosphatic and siliceous

skeletal debris raining down from the near surface in the

upwelling zone. After a sufficient amount of sediment has

accumulated, the phosphatic particles and ooze have to be

concentrated to produce a phosphorite bed. The concentra-

tion phase is accomplished by a lowering of the water level

to a point that the siliceous/phosphatic sediments can be

reworked by current and wave action. Therefore, a regres-

sion is required after deposition of the ailiceous/phospha-

tic sediments in order to produce a phosphorite bed.

In the thesis area two distinct phosphorite beds are

present: the Meade Peak and Retort Phosphatic Shale

flembers of the Phosphoria Formation. These two beds mark

the ends of two transgressive-regressive cycles in the

thesis area. There also was a third cycle which is not

marked by a phosphorite bed, but is marked by a discontin-

uity between the Shedhorn and Dinwoody Formations (Schock

et al., 1981). All three of these cycles were due to minor
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tranagressive-regressive cycles superimposed on the

Absaroka tranagressive-regressive sequence and/or epeiroge-

nic movement.

The beginning of the first tranagressive-regressive

cycle is marked by the Pennsylvanian Quadrant Formation.

During this cycle the depositional environment shifted from

one which received a large quantity of sand the Quadrant

Formation, through one favorable to carbonate formation

the Grandeur Member of the Park City Formation (the sand

source having been inundated by rising sea level), to a

phosphorite bed formational environment the Meade Peak

Phosphatic Shale Member of the Phosphoria Formation.

The second cycle commenced with carbonate deposition

(the Franson Member of the Park City Formation) followed

by a long period of upwelling, producing the siliceous!-

phosphatic sediments of the Rex Chert Member of the

Phosphoria Formation. The regressive phase reworked the

upper ailiceous/phosphatic sediments producing a phosphor-

ite bed (the Retort Phosphatic Shale Member of the Phos-

phoria Formation).

The third cycle was dominated by upwelling, producing

the Tosi Chert Member of the Phosphoria Formation and the

sandy chert of the Shedhorn Formation. The regressive

phase permitted the erosion of the upper part of the

Shedhorn sediments, producing the disconformity that exists

between the Shedhorn and Dinwoody Formations.

At the time of deposition of the Permian sediments
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there was a carbonate skeletal mound facies developing to

the west (Peterson, 1980), which could at times have

restricted open ocean circulation into the thesis area. If

so, this could have resulted in the periodic development of

a hypersaline environment and dolomitization of some of the

carbonate beds in the thesis area, through the process of

seepage-reflux (Adams and Rhodes, 1960; Peterson, 1980).

The only carbonate bed not affected by the seepage-ref lux

dolomitization was the lower carbonate bed of the Franson

Member of the Park City Formation. This bed was not

affected because of the deposition of an impermeable

siliceous ooze layer (see Franson Member of the Park City

Formation) on top of the bed before a hypersaline environ-

ment developed.

The detrital sediments found in the Permian rocks of

the thesis area (mainly in the Rex Chert Member of the

Phosphoria Formation, and in the Shedhorn Formation) were

transported to the thesis area from an intermittent

sediment source to the north of the thesis area (Peterson,

1980).

Dinwoody Formation

Nomenclature

The Dinwoody Formation was named by Condit in 1916,

while describing 200 feet of shale in the upper part of the
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Embar Formation, in Dinwoody Canyon near Dubois, Wyoming.

In 1918, Blackwelder x-edeacribed the Dinwoody in Dinwoody

Canyon, Betting the upper limit of the formation at the

point where the color of the siltstones and shalea changes

from gray to red.

In 1942, Newell and Kummel examined the upper contact

of the Dinwoody in Dinwoody Canyon and found that the color

change that Blackwelder had used to define the upper limit

of the Dinwoody did not follow a stratigraphic plane.

Because of this, Newell and Kummel redefined the top of the

formation as being at the top of the resistant siltatones

that occur about halfway up the original stratigraphic

section. This changed the thickness of the Dinwoody at its

type locality from 200 to 90 feet.

Regional Distribution, Age, and Correlation

The Dinwoody Formation extends from northern Utah and

northeastern Nevada, through southeastern Idaho and western

Wyoming, up into southwestern Montana. The thickest

accumulations of the formation occur along the western edge

of the formation (Kummel, 1960).

?loritz (1951) determined the age of the Dinwoody

Formation to be Scythian (Early Triassic), based on the

pelecypod Claraia zone found in the Dinwoody (Newell and

Kummel, 1942). This age was confirmed by Clark and others

(1977) based on a well developed conodont fauna collected
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from the Dinvoody of northwestern Utah.

The Dinwoody Formation is correlative with the Little

Medicine and Freezeout Shale Members of the Goose Egg

Formation in eastern Wyoming, the middle of the Spearfish

Formation of the Black Hills and Williston Basin (Boyd and

Maughan, 1973), the Candelaria Formation of central Nevada,

the Moenkopi Formation of northern Utah, and the Lykins

Formation of northeastern Colorado.

Local Distribution and Topographic Expression

The Dinwoody Formation is the most widespread forma-

tion on the western side of the thesis area. There is one

large isolated outcrop in the southwestern area, from the

NW, section 3, 1. 10 S., R. 11 W. to the SW, section 34,

T. 9 8., R. 11 W. Farther north, starting in the W and

NE of section 28, T. 9 5., R. 11 W., the Dinwoody is

exposed on both sides of Hans Peterson Flats. These

northern exposures continue northward up into the SE of

section 8, T. 9 S., R. 11 W., where they are covered by the

Beaverhead Formation (Fig. 46).

The Dinwoody Formation forms low cuestas and hogbacks

where not capped by the more resistant Kootenai or Beaver-

head Formations (Fig. 47). Where the Dinwoody is capped by

the younger formations, it is a slope-former.
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Figure 46. Exposures of the Dinwoody Formation in the
thesis area.
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Thickness and Lithology

The thickest sections of the Dinwoody Formation are

found in southeastern Idaho where thicknesses exceed 2,500

feet. The thickness of the Dinwoody gradually decreases

eastward from southeastern Idaho until it pinches out in

central Wyoming. Farther to the north in southwestern

Montana, the maximum thickness is 1,000 feet, gradually

decreasing to the east until it pinches out just north of

Yellowstone National Park (Kummel, 1960>.

In the thesis area the greatest thickness found of the

Dinwoody Formation is 600 feet, albeit the lower contact

with the Shedhorn Formation is not exposed; the upper

contact is an angular unconformity with the Kootenai

Formation. In other areas the upper contact is an angular

unconformity with either the Rierdon or Beaverhead Forma-

tions (see map).

Newell and Kummel (1942>, during their examination of

the type locality of the Dinwoody, divided the formation

into three lithologically distinctive units. The basal

unit is characterized by friable, unfossiliferous, buff

siltstones. The middle unit is dominated by olive buff to

gray shales, interbedded with thin-bedded blocky limestones

ranging from brown to dark bluish gray. The middle unit is

especially distinguished by the profuse occurrence of

exquisitely preserved Lingula, and has been named the

Lingula zone by Newell and Kummel (1942). The upper unit
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Figure 47. ExposureB of the Dinwoody and Kootenai Forma-
tions in the southwestern pert of the thesis
area.

is primarily a resistant, light brown, thin-bedded,

calcareous siltatone. This upper unit is locally full of

molds of pelecypods, and Newell and Kummel (1942) have

named it the Claraia zone.

The Dinwoody Formation of southwestern Montana can

be divided into the three units of Newell and Kummel

(1942), but they do not represent readily mappable units

(Moritz, 1951). In southwestern Montana, Moritz (1951) has

divided the Dinwoody into two unitB: a lower unit consist-

ing mainly of ahales with sporadic thin-bedded, brown

weathering limestones; and an upper unit consisting of

gray to brown or tan, argillaceous, brown weathering
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limeatones and siltstones, interbedded with thin-bedded

olive and brown shales.

In the thesis area the Moritz (1951) two-fold division

of the Dinwoody Formation was not found; the lower unit

either was not deposited in the area, or it was not

exposed. The Dinwoody in the thesis area consists of three

units: a lower unit of thin-bedded, fossiliferous lime-

stone which is 380 feet thick; a middle unit of thin-bed-

ded, unfossiliferous, silty dolomite which is 80 feet

thick; and a 75 foot thick upper unit which is very similar

to the lower unit.

The lower unit consists of pale yellowish brown (1OYR

6/2) to light gray (117) weathered, very light gray (NB) to

grayish orange pink (5YR 7/2) fresh, thin-bedded biosparite

(Fig. 48). The unidentifiable fossil fragments are heavily

abraded, current aligned, and have undergone extensive

neomorphic recrystallization. In addition to fossil

fragments, the biosparite bedB contain trace amounts of

quartz silt , glauconite pellets, and phosphatic debris.

The middle unit is a pale yellowish brown (1OYR 6/2)

weathered, light brown (5YR 6/4) to very pale orange (IOYR

8/2) fresh, thin-bedded, very finely crystalline, silty

dolomite. The dolomite contains 62 percent dolomite, 36

percent quartz silt and very fine-grained detrital quartz,

one percent muscovite, and trace amounts of microcline,

plagioclase, phosphorite, and zircon. Cross- and planar-

bedding are exhibited by detrita]. grain concentration
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Figure 48. Photomicrograph. Biosparite of the lower unit
of the Dinwoody Formation. Note current align-
ment and abraded condition of fossil fragments
(top photo plane light, bottom photo crossed
polars; 6 mm field of view).
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variations (Fig. 49).

The upper unit limestone beds are the same as the

limestone beds of the lover unit - biosparites. In the

upper unit shaly interbeds are exposed and consist of a

grayish orange (IOYR 7/4) weathered, moderate yellowish

brown (1OYR 5/4) fresh, very thin-bedded, clayey and silty

biosparite, containing 55 percent sparite cement, 25

percent fossil fragments, and 20 percent quartz silt. The

fossil fragments are almost exclusively punctate brachio-

pods, with the majority of the individual organisms

preserved intact and exhibiting excellent geopetal struc-

ture.

Environment of Deposition

The Dinwoody lithologic package in the thesis area

indicates shifting environment conditions: high energy

unrestricted-low energy restricted-high energy unrestrict-

ed. The lower unit biosparite was deposited during a

period of high energy open ocean circulation, in an

environment that was conducive to prolific marine life.

This environment provided a plentiful supply of shells for

tidal currents and wave action to abrade and current align.

The open ocean circulation environment of the lower

unit of the Dinwoody was followed by a period of increas-

ingly restricted water circulation. This change in

environment resulted in an increase in water salinity and a
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Figure 49. Photomicrograph. Silty dolomite of the middle
unit of the Dinwoody Formation in the thesia
area(top photo plane light, bottom photo
crossed polars; 6 mm field of view).
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decrease in marine fauna abundance. The decrease in

environmental energy also led to a decrease in the winnow-

ing out (by current action) of wind-transported very

I ine-grained detrital. quartz and quartz silt. These

environmental conditions led to the deposition of a silty,

unfossiliferous carbonate. As carbonate deposition

continued, the environment became more restricted, finally

resulting in the development of a hypersaline environment

and the dolomitization of the middle unit in the thesis

area.

The upper unit biosparite in the thesis area was

deposited during a time when the depositional conditions

had reverted from the restricted environment of the middle

unit, back to the open ocean circulation environment which

had existed during deposition of the lower unit. This

change in environmental conditions resulted in the produc-

tion of biosparite beds that are almost identical to the

lower unit biosparite beds. The interbeds of shaly, silty

biosparite in the upper unit indicate that there were short

intervals when the energy level of the environment decreas-

ed enough to allow detrital and carbonate sediments to

accumulate and preserve the indigenous marine fauna intact.
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Rierdon Formation

Nomenclature

The formational name Rierdon was first applied to a

subdivision of the Ellis Group by Cobban in 1945. While

studying the Sweetgraes Arch of Montana, Cobban realized

that the Ellis Formation, named and described by Peale

(1893, 1896), actually consisted of three distinct litholo-

gies. Cobban (1945) raised the Ellis Formation to group

status and gave formational status to the three subdivis-

ions. In ascending order the three subdivisions are: the

Sawtooth Formation, consisting of sandstones, siltatones,

shales, and limestones; the Rierdon Formation, consisting

of calcareous shales and nodular limestones; and the Swift

Formation, consisting of sandstones and noncalcareous

shales. Cobban designated a type locality for the Rierdon

Formation in Rierdon Gulch, Teton County, Montana.

Moritz (1951) extended the Rierdon Formation range

eastward from the Sweetgrass Arch into Gallatin County, and

westward into Beaverhead County, Montana.

Regional Distribution, Age, and Correlation

The Rierdon Formation is found almost exclusively in

Montana, with minor extensions into southeastern Alberta

and southwestern Saskatewan. The formation occurs in much
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of Montana except along the western and eastern edges.

The age of the Rierdon Formation has been determined

to range from early to middle Callovian (late Middle

Jurassic), based on ammonite assemblages (Imlay, 1945,

1948).

The Rierdon Formation is correlative with the lower

Sundance Formation of South Dakota and eastern and central

Wyoming, the upper Twin Creek Formation of eastern Idaho

and western Wyoming, and the upper Carmel Formation of

northeastern Utah (Schmitt, 1953).

Local Distribution and Topographic Expression

In the thesis area there are only two very limited

erosional remnants of the Rierdon Formation; these are

located in the N, NE3, section 20, T. 9 S., R. 11 W., and

in the S3, NE%, NW , section 21, T. 9 S., R. 11 W. (Fig.

50).

The exposures of the Rierdon Formation are so small

that they have no influence on the local topography, but

blend in with the topographic expression of the underlying

Dinwoody Formation. The two outcrops appear to occupy

depressions in the irregular erosional upper surface of the

Dinwoody. These depressions were moat likely small

depositional basins at the time of Rierdon deposition, and

were protected by the surrounding Dinwoody when the Rierdon
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was eroded away.

Thickness and Litho1oy
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The Rierdon Formation pinches out along the Sweetgrass

Arch of southeastern Montana and thickens east- and

westward from this region to a maximum of 240 feet in the

subsurface (Imlay et al., 1948; Cobban, 1945).

In the thesis area the thickness of the Rierdon

Formation ranges from a feather edge to a maximum of 65

feet over a distance of 100 feet, reflecting the irregular

topography at the time of Rierdon deposition. The Rierdon

is not found on the eastern flank of the Armstead anti-

cii ne.

Cobban (1945) describes the Rierdon Formation, at the

type locality, as cc.aisting of, in ascending order: 20

feet of medium gray, chunky, caicax-ecus shale, containing a

few gray limestone nodules; 33 feet of dark medium gray,

fisaile, calcareous to noncalcareous shale, containing thin

beds of gray, nodular limestone; 43 feet of medium gray,

chunky shale; and 39 feet of alternating four to six inch

thick limestone layerB and thicker medium gray, chunky,

caicareous shale beds.

In the thesis area the lithology of the Rierdon

Formation is very uniform. The formation consists of

thin-bedded, light olive gray (SY 6/1) weathered, pale

olive (1OY 6/2) fresh, biopelaparite, containing 37 percent
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calcite cement, 23 percent fecal pellets, 22 percent

crinoida]. fragments, eight percent glauconite pellets, five

percent oolites, and five percent unidentified fossil frag-

ments (Fig. 51). The framework particles exhibit a fine

scale cross-lamination.

Environment of Deposition

In the thesis area the Rierdon Formation was deposited

in a shallow water, high energy environment, where agita-

tion followed by periods of rest would permit oolites to

form (Bathurst, 1975). The high energy conditions are also

reflected in the abraded condition of crinoid and unidenti-

fied fossil fragments , the presence of fine scale cross-

laminations, and the lack of micrite in the formation. The

depositional site was not close to a detrital source area,

but was close to a low energy, low sedimentation rate,

shelf environment that could support the formation of

glauconite pellets (Singer and Muller, 1983> while not

destroying them. During periods of storm activity glauco-

nite and Lecal pellets were transported from the low energy

shelf to the shallower, higher energy environment, result-

ing in the deposition of a clean biopelsparite.
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Figure 51. Photomicrograph. Rierdon Formation containing
fecal and glauconite pellets, crinoid frag-
merits, and oolites (top photo plane light,
bottom photo crossed polars; 1.5 mm field of
view).
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Kootenai Formation

Nomenclature

The name Kootenai, at the time spelled Kootenie, was

first applied by Dawson (1885, 1886) to a formation of

sedimentary rocks composed of sandstones, shales, conglom-

erates, and coal seams located along Old Man and Suskwa

Rivers, and Martin and Coal Creeks, in southern British

Columbia, Canada. The name Kootenie came from the Kootenie

Indian tribe whose hunting grounds included this region of

Canada.

Weed (1892) was the first person to apply the Kootenie

name to rocks in the United States. He assigned the name

to those rocks in the Great Falls, Montana region that

contain coal and overlie marine Jurassic beda. Later Weed

(1899) discarded the name Kootenie and renamed the unit the

Cascade Formation. Fisher (1908), while working near Belt,

Montana, discarded the name Cascade in favor of Kootenai,

using the now accepted spelling.

Regional Distribution, Age, and Correlation

The Kootenal Formation is a prominent nonmarine unit

which occurs through much of southwestern and western

Montana, and extends north into Alberta and British

Columbia, Canada.
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The age of the Kootenal Formation was determined by

Stanton (1903) to be Early Cretaceous. The fossil collec-

tion from Harlowtown, Montana, on which Stanton based his

age determination, is still the recognized freshwater

mollusk standard for the Early Cretaceous in North America

(Suttner, 1969). Yen (1951) confirmed Stanton's Early

Cretaceous age while collecting additional pelecypod and

gastropod specimens from the Harlowtown area.

The Kootenal Formation is correlative with the

Cloverly Formation in the Bighorn and Wind River Basins,

and the eastern part of the Green River Basin of Wyoming;

the Lakota Sandstone and Fuson Shale in the Powder River

Basin of Wyoming; and the Buckhorn Conglomerate in

northeastern Colorado (Suttner, 1969).

Local Distribution and Topographic Expression

The Kootenai Formation is a prominent cuesta- and

hogback-former along much of the western side of the

thesis area (Fig. 4). Outcrops of the Kootenai are

continuous from the western half of section 28 to section

17, T. 9 S., R. 11 W., with isolated outcrops in section 4,

T. 10 S., R. 11 W. and sections 8, 21, 28, 29, 33, and 34,

T. 9 5., R. 11 W. (Fig. 52).
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Figure 52. Exposures of the Kootenal Formation in the
thesis area.
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Thickness and Lithology

On a regional basis, the Kootenai Formation has a

westward thickening trend. In central Montana and Wyoming

thicknesses are less than 100 feet, increasing westward to

a maximum in excess of 1,400 feet in westernmost Montana

(Suttner, 1969).

The thickness of the Kootenai Formation in the thesis

area ranges from 1,075 feet in section 20, T. 9 S., R. 11

W., to a feather edge in the N%, N3, Bection 17, T. 9 S.,

R. 11 W.

There are two different types of basal contacts in the

thesis area, the most common being an angular unconformity

between the Kootenai and the underlying Dinvoody or Rierdon

Formations. The second type of baBal contact is a fault

contact between the Kootenai and Shedhorn Formations,

occurring only along the juncture of sections 28 and 29,

T. 9 5, R. 11 W. (Bee map). The upper contact is an

angular unconformity with the Beaverhead, Tertiary sedi-

ments, or Quaternary alluvium.

In western Montana the Kootenai Formation has been

divided into four units by Kauffman and Earll (1963), and

Gwinn (1965). The four units are informally called the

lower clastic, lower calcareouB, upper clastic, and upper

calcareous. The lower clastic unit consists of a chert

pebble conglomerate and/or a salt-and-pepper, medium- to

coarse-grained sandstone. The lower calcareous unit
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consists of dark gray and varicolored siltstones, shales,

and mudatones. The upper clastic unit consists of varie-

gated shale, mudstones, and ailtatones. The upper calcare-

ous unit is a ridge-forming, gray, biomicritic limestone,

commonly called the gastropod limestone.

The lower and upper calcareous units of Kauffman and

Earll (1963) and Gwinn (1965) are absent in the thesis

area, and if their lower and upper clastic units are

present, they cannot be readily distinguished from each

other. The Kootenai Formation of the thesis area consists

of a salt-and-pepper sandstone which is at places tinted

with a reddish hematite stain or with liesegang rings.

Within the basal section of the sandstone, there is a two

foot thick grayish orange (1OYR 7/4) conglomerate bed

composed of pebbles varying in color from black (Ni) to

pale yellowish brown (1OYR 5/4). The pebbles are either

chert or chalcedony, with some of the chert pebbles

containing either radiolaria or detrital quartz. The

matrix of the conglomerate is a medium- to coarse-grained

sandstone consisting of chert, chalcedony, and quartz

grains. All of the pebbles and matrix grains are well

rounded and poorly sorted. The conglomerate is cemented

with quartz and minor amounts of hematite.

The salt-and-pepper sandstone has an overall weathered

color of pinkish gray (SYR 8/1), very light gray (N8)

fresh, and is a fine- to medium-grained, well rounded to

subangular quartz arenite. The percentage of Individual
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constituent grain types is variable: 33 to 53 percent

quartz, 32 to 33 percent chert, and 13 to 22 percent

chalcedony. The individual grains exhibit numerous quartz

overgrowths, relict rims, and solution sutures (Fig. 53).

A few of the chert grains contain radiolaria and sponge

spicules. The black grains defining the salt-and-pepper

appearance are chert.

Quartz cement predominates throughout the lower part

of the Kootenai, with an increasing amount of calcite

cement higher in the formation. The increasing amount of

calcite cement makes the weathered upper part of the

formation more friable and less resistant to erosion

than the lower part of the formation.

Environment of Deposition

The Kootenai Formation was deposited during a time of

decreasing relief to the west, which was the source area

for the Kootenai clastic sediments (Suttner et al., 1981).

On a regional basis, Suttner and others (1981) have

described the upward transition from coarse clastic

sandstones and conglomerates, to finer grained sandstones,

siltatones, and shales, capped with a freshwater to

brackish water limestone, as indicating an environment that

was also transitional (medial braided alluvial-distal

braided alluvial-coastal plain). Suttner and others (1981)

based their Kootenai dapositional model on the fining
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Figure 33. Photomicrograph. Quartz arenite of the
Kootenal Formation containing quartz, chert,
and chalcedony graina (top photo plane light,
bottom pnoto crosaed polars; 6 mm field of
view).
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upward sequence of the clastic grains, the presence of the

"gastropod limestone" at the top of the formation (fossils

in the limestone indicate deposition in fresh and brackish

water at a time of transgression in the area), and the fact

that the Kootenai possesses the typical wedge shape of a

foreland basin fill (fan).

The changing depositional setting of Suttner and

others (1981) is reflected in the thesis area by the

fining upward sequence of the clastic grains in the

Kootenai and the increasing amount of calcite cement with

increasing stratigraphic position - possibly indicating

increasing salinity in the environment from encroaching

seas. The Kootenai in the thesis area probably was

deposited in an alluvial system "far removed" from the

sediment source followed by an environmental transition to

a coastal plain setting (Suttner et al., 1981). Evidence

that supports thiB type of depositional sequence is the

size (pebble) and well rounded nature of the pebbles in the

conglomerate bed at the base of the formation, the lack of

conglomerates above the base, the increasing fineness of

clastic grains (pebble and medium- to coarse-grained in the

basal section, to medium- to fine-grained in the upper

section) with increasing stratigraphic position, and the

increasing amount of calcite cement with increasing

stratigraphic position. The siltatones, shales, and

limestones deposited by the latter environment throughout

southwestern Montana have most likely been eroded from the
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thesis area because of local uplift, creating the angular

unconformity between the Kootenai and overlying deposits.

Basalt Dike

A small exposure of a basalt dike was found in the

bottom of a dry stream bed in the thesis area, S3, NW,

section 2, T. 10 S., R. 11 W. (Fig. 54). The exposure is

10 by 30 feet, intrudes the Shedhorn Formation, and is

surrounded by a five foot thick baked zone.

The basalt dike has been tentatively assigned an

Oligocene age by the author, based on the age determined

for similar basalts in the Madison Range to the south, in

the Lemhi Pass area to the south, and along the Beaverhead

River to the north (Chadwick, 1972; Hamilton et al., 1962;

Scholten et al., 1955; Lowell, 1965). There is a possi-

bility that the dike could be younger because Scholten and

others (1955) have found basaltic lavas occurring in the

bottom of a well-defined modern canyon cut into rocks as

young as Oligocene, in Clark Canyon to the east of the

thesis area.

The olive gray (5GY 4/1) weathered, grayish black (N2)

fresh, dike consists of a porphyritc olivine-augite basalt

containing 35 percent augite phenocrysts (from ground mass

size up to one millimeter in diameter), seven percent

olivine phenocrysts (two to four millimeters in diameter),

a groundmase of plagioclase microlites and magnetite
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grains and a trace amount of Shedhorn Formation xeno-

liths. The An content of the plagioclase in the groundmass

is 88 percent, based on one crystal of plagioclase large

enough to use the Carlabad-Albite twin method of An content

determination. The olivine crystals are euhedra]. and have

alteration rims of iddingaite. The augite crystals are

anhedral and show no signs of alteration (Fig. 55).

Weight percent of oxides for the olivine-augite basalt

are: 53.9 percent Si0, 11.6 percent MgO, 10.6 percent

A1103, 8.4 percent FeO, 7.98 percent CaO, 2.52 percent K10,

2.4 percent NaaO, and 0.72 percent TiO. The oxide weight

percent values were obtained by the X-ray fluoresence

method; Na0 and MgO values were obtained using the

atomic absorption method from a piece of basalt that did

not "appear" to contain any Shedhorn Formation contamin-

ation.

The basalt dike was intruded along a diagonal-slip

fault zone (see map) during a time when volcanism in

southwestern Montana was dominated by a basalt-rhyolite

assemblage; this type of volcanic assemblage is character-

istic of extensional tectonism (Chadwick, 1978). Chadwick

(1981) has stated that this volcanic assemblage resulted

from the creation of zones of weakness in the earth's

crust caused by extensional tectonism during the late

Eocene to early Oligocene. The extensional tectonism

manifested itself in southwestern Montana in the form of

block-faulted mountains and basins. This tectonic regime
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Figure 55. Photomicrograph. Basalt dike containing
phenocrysts of olivine and augite with a

groundmass of plagioclase and magnetite (top
photo plane light bottom photo crossed polars;
6 mm field of view).
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may have been the result of subduction of the Pacific-

Farallon spreading ridge under the North American plate

(Chadwick, 1981).

Jasperoid

The term "jasperoid" was first introduced by Spurr

(1898>, who wrote:

"Jasperoid may then be defined as a rock consisting
essentially of cryptocrystalline, chalcedonic, or
phenocrystalline silica, which has formed by the
replacement of some other material, ordinarily calcite
or dolomite. This jasperoid may be white or various
shades of red, gray, brown, or black, the colors
resulting from different forms of iron in varying
proportions. N

There is a jasperoid deposit in the thesis area with a

surface area of 200 square feet, located on the northeast

flank of Metlen Mountain in the N%, SE, section 2, T. 10

S., R. ii. W. (Fig. 56). The jasperoid has not fully

replaced the host limestone (Conover Ranch Formation) in

the deposit, resulting in a reddish soil littered with

jasperoid and limestone fragments. As a result, the

jasperoid deposit does not influence the surrounding

topography, but blends in with the topographic expression

of the Conover Ranch Formation (Fig. 57>. Some of the

limestone along the edge of the Jasperoid has been argill-

icly altered (replaced by clay).

The jasperoid is a moderate reddish brown (1OR 4/6)

chert, containing numerous fractures filled with fine
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Figure 56. Location of Jasperoid deposit in the thesis
area.
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crystalline quartz; a few fractures have been filled with

small amounts of calcite (Fig. 58). Color variations in

the jasperoid, in thin section, exhibit fine laminations

caused by uneven rates of replacement of the host limestone

by silica. The results of geochemical analyses (atomic

absorption for Zn, Pb, Cu, I'1, Ag, As, Hg, Sb; fire assay

with an atomic absorption finish for Au) for precious and

base metals, and toxic elements are: less than 5 ppb gold,

less than 0.3 ppm silver, 165 ppm zinc, 35 ppm lead, 25 ppm

copper, 10 ppm molybdenum, 20 ppb mercury, 100 ppm arsenic,

and less than 2 ppm antimony. The argillicly altered

limestone breccia that occurs on the edge of the jasperoid

has geochemical values of less than 5 ppb gold, 50 ppb

mercury, greater than 1,000 ppm arsenic, and 11 ppm

antimony.

The jasperoid was apparently deposited by a hydrother-

mal spring which probably resulted from the intrusion of

the olivine-augite basalt dike in the SW, SW, section 2,

T. 10 S., R. 11 W. (which is directly down dip from the

jasperoid). Lovering (1972) described the process

for the formation of a Jasperoid as first there must be a

heat source and water, moBt likely meteoric, in order for a

hydrothermal system to develop. Next the water must be

heated by the heat source and flow up conduits until it

reaches the surface. At this time the chemical environment

of the hydrothermal fluid is such that it dissolves silica

from the host rock surrounding the heat source and from the
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Figure 57. Thesis area Jasperoid deposit jasperoid is
red and limestone is gray.

wall rock along the flow conduits. As the hydrothermal

fluids near the surface they cool, mix with local ground

water, and become more alkaline from dissolving the host

carbonate rock. This results in the hydrothermal fluid

becoming supersaturated with respect to silica, and chert

is precipitated. In the thesis area the basalt dike

provided the heat source, and thrusting during the Sevier

orogeny fractured the Conover Ranch and overlying forma-

tions thus providing numerous conduits for the flow of

hydrothermal fluids. The supply of silica required to

produce the jasperoid deposit came from dissolution of

siliceous fossils, chert, and detrital quartz present in

the country rock surrounding the basalt dike.
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Figure 58. Photomicrograph. Thesis area jasperoid with
fractures filled with finely crystalline quartz
and minor late stage calcite (top photo
plane light, bottom photo crossed polars; 6 mm
field of view).
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As the basalt dike cooled, the hydrothermal fluids

cooled and became less efficient at dissolving silica.

Consequently, the concentration of the dissolved silica in

the hydrothermal fluid was no longer capable of becoming

supersaturated with silica with respect to chart as it

cooled, but was still capable of becoming supersaturated

with respect to quartz. This occurred during the dying

stages of the hydrothermal system, and resulted in the

deposition of quartz in the conduit fractures in the

Jasperoid. After flow in the hydrothermal system had

ceased, the remaining unfilled fractures in the jasperoid

were filled with calcite precipitated from ground water.

Tertiary Sediments

The final unit in the thesis area is a Tertiary

sediment layer (Lowell, 1965), which was deposited as an

alluvial apron in Hans Peterson Flats and the breached core

of the Armatead anticline. Since its deposition, the

Tertiary sediment layer has been mostly eroded away,

leaving behind two erosional remnant hills in Hans Peterson

Flats (SW%, section 33, and NE4, section 28, T. 9 S., R. 11

W.) and a flat-topped ridge across the core of the Armstead

anticline (Sn, section 23, T. 9 S., R. 11 W.) (Fig. 59).

The Tertiary sediment hills are composed of unconsoli-

dated sands and gravels with boulders up to five feet in
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Figure 59. Remnants of Tertiary sediments in the thesis
area.
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diameter. The clasts have been derived from the Mesozoic,

Paleozoic, and Precambrian formations found in the thesis

area.

The source of the Tertiary sediments was most likely

the erosion of the Beaverhead Formation, which contains all

of the clastic constituents found in the Tertiary sedi-

ments. In the vicinity of the thesis area, the Beaverhead

was intensely folded and faulted during the Sevier orogeny,

producing a high relief, readily eroded source area.

STRUCTURE

Regional Structure

The structure of southwestern Montana is very complic-

ated, with the overlapping of three different structural

provinces - the Sevier Overthrust Belt, the Laramide

province, and the Basin and Range province (Fig. 60)

(Schmidt and Garihan, 19B3).

Overthrust Belt

The Overthrust Belt is one of the largest structural

features in North America, traversing the North American

continent from southern California to northwestern Canada

(Fig. 61) (Smith, 1981). The structure of the belt is

characterized by thin-skinned thrusting and folding that
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Figure 60. Map of southwestern Montana showing the
locations and overlaps of the Overthrust Belt,
the Laramide, and the Basin and Range Provinces
(Schmidt and Garihan, 1983; Dickinson and
Snyder, 1978; Proffett, 1977).
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Figure 61. Map of western North America shoving the
location of the Overthrust Belt (Smith, 1981;
Steam et al., 1979).
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are progressively younger eastward across the belt, with

deformation occurring on the western side of the belt

during the Late Cretaceous and on the eastern side during

the early Paleocene (Ruppel et al., 1981).

The Overthrust Belt of southwestern Montana has been

subdivided into four separate thrust sheets, each being

unique in some combination of lithologic sequence, thick-

ness, and/or age. South of the thesis area the eastern

edge of the Overthrust belt is subdivided from east to

west into the Tendoy, Four Eyes Canyon, and Medicine Lodge

thrust sheets (Perry and Sando, 1982; Ruppel et al.,

1981). The Grasshopper thrust sheet is present to the

north of the thesis area (Ruppel et al., 1981) (Fig. 62).

Ruppel and others (1981) do not recognize the Tendoy thrust

sheet. Instead, they consider it a transitional zone

between the full scale thrusts to the west and the crystal-

line rocks of the craton to the east. Whether transition-

al zone or thrust sheet, the crystalline rocks of the

craton acted as a buttress during the Sevier orogeny and

caused an increase in severity of the folding and faulting

in the Tendoy sheet compared to thrust sheets to the west

(Ruppel et al., 1981).

Laramide Province

The Laramide province is a region of buckling and

shearing of the continental crust that resulted in the
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Figure 62. Location map of the Tendoy, Four Eyes Canyon,
Medicine Lodge, and Grasshopper thrust sheets
in southwestern Montana (Perry and Sando, 1982;
Ruppel et al., 1981).
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production of asymmetric fractured uplifts and depressions

that are oriented crudely parallel to the the continental

margin (Dickinson and Snyder, 1978). The province extends

along the Rocky Mountain foreland from southwestern

Montana, through Wyoming, Colorado, northeast Utah, and

into southern New Mexico (Fig. 63) (Dickinson and Snyder,

1978).

There are two main structural styles for Laramide

deformation in southwestern Montana northwest-trending

left-reverse faults that dip steeply to the northeast, and

north-trending thrusts that dip 20_400 to the west - with

deformation first starting in the west during the Late

Cretaceous and progressing eastward until early Eccene time

(Schmidt and 3arihan, 1983). Because Laramide deformation

began in the western part of the Rocky Mountain foreland

before Sevier deformation began in the eastern part of the

Overthrust Belt, where the two provinces overlap (Highland

Range and northern Tobacco Root Mountains) (Fig. 60) there

is some overprinting of Levier thin-skinned thrusting on

the Laramide features present in this region (Schmidt and

Garihan, 1983).

Basin and Range Province

The Basin and Range province is an extensive region of

block-faulted evenly spaced parallel mountain ranges and

intervening basins that traverses the North American
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Figure 63. Location of the Laramide province in North
America (Dickson and Snyder, 1978).

continent from northwestern Montana to northwestern Mexico

(Fig. 64) (Proffett, 1977; Eaton, 1982). Block faulting

in the Basin and Range occurred during middle and late

Cenozoic time (Reynolds, 1979).

The Basin and Range province in southwestern Montana

and east-central Idaho is bounded on the west by the

Idaho batholith and on the east by the Absaroka and Little

Belt Mountains. Basin and Range faulting in this region

occurred during the middle Miocene (Reynolds, 1979).
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Figure 64. Location of the Basin and Range Province in
North America (Proffett, 1977).

The topography of the province is characterized by curvi-

linear or linear mountain ranges rising from 1,000 to

nearly 6,000 feet above adjacent basins with most of the

ranges bounded by steep fault scarpa (Reynolds, 1979). The

ranges are bounded by normal faults that shallow with

depth, and are the result of extension in the region

(Wright and Troxel, 1972). The extensional forces that

resulted in Basin and Range faulting in southwestern

Montana were caused by uplift along an axis extending from



the Flint Creek Range, eastern Anaconda

Highland Mountains to the Beaverhead No

Hole Pass (Fig. 65). The position of

suggested by the regional variation

basin floors and the mountain range

1979).

Local Structure
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Range, Pioneer and

intains south of Big

the uplift axis is

of elevation of the

summits (Reynolds,

The thesis area, an area of intensely folded and

faulted rocks, is located on the western flank of the

Armstead anticline. The major structural features in the

immediate vicinity of the thesis area are: the Armstead

anticline, which is 10 miles long and up to five miles

wide; the Tendoy thrust (Hildreth, 1980), which underlies

the Armatead anticline; and the Horse Prairie fault zone

(Ruppel et al., 1981), which is the southern edge of the

Grasshopper thrust plate. The Arinstead ariticline is

tightly folded, overturned to the northeast in some areas,

and breached, exposing Precambrian metasediments in the

anticlinal core. The leading edge of the Tendoy thrust is

exposed just east of the Armatead anticline and trends

north along the western edge of the Beaverhead River.

Movement along the Tendoy thrust has resulted in the

thrusting of Mississippian rocks over Cretaceous rocks

(Hildreth, 1980). The Horse Prairie fault zone is located

along Horse Prairie Creek just south of the thesis area.
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Figure 65. Location of axis of uplift which caused Basin
and Range faulting in southwestern Montana
(Reynolds, 1979).



165

Folds

Superimposed on the west flank of the Armstead

anticline are, from east to west: the Cedar Creek syncl-

me, the Madigan Gulch anticline, and the Hans Peterson

Flats syncline (see map).

The Cedar Creek syncline, which is up to a quarter of

a mile wide in the southern part of the thesis area, trends

northward from the NE, section 10, T. 10 S., R. 11 W. to

the northern boundary of the thesis area, leaving the

thesis area in the SE4, section 4, T. 8 S., R. 11 W. In

section 15, T. 9 S., R. 11 W. the syncline starts to plunge

and, as a result, in this locality the synclinai. width

decreases to about 250 feet. Farther north in section 4,

T. 8 S., R. 11 W., the synclinal width increases to about

1,000 feet. From section 10, T. 10 8., R. 11 W. to section

27, T. 9 S., R. 11 W., the Cedar Creek syncline is over-

turned to the northeast.

The Pladigan Gulch anticline follows the same trend as

the Cedar Creek syncline, and is narrowest in the southern

part of the thesis area, about a quarter of a mile wide.

The anticline, which has been truncated on the south by the

Horse Prairie fault zone, starts at the southern edge of

the thesis area in the MW, section 10, T. 10 S., R. 11 W.,

and leaveB the thesis area in the MW, section 5, T. 8 S.,

R. 11 W. The anticline gradually increases in width

northward until It reaches a width of about one mile at the



166

northern boundary of the thesis area. The Pladigan Gulch

anticline is overturned to the northeast from section 10,

1. 10 S., R. 11 W. to section 27, T. 9 S., R. 11 W.

The Hans Peterson Flats syncline, over one and

one-half miles wide at its southern end and overturned to

the northeast, trends northward from the southern boundary

of the thesis area, section 4, T.1O S., R. ii. W., to the

SW34, section 21, 1. 9 S., R. 11 W., where the syncline

splits. The western branch of the syncline trends to the

northwest and is covered by the Beaverhead Formation in the

NE, section 20, T. 9 S., R. ii. W. The eastern branch of

the syncline continues northward into the SE, section 8,

T. 9 S., R. 11 W., where it also is covered by the Beaver-

head Formation.

Superimposed on the floor of the Hans Peterson Flats

syncline are small amplitude (two to three foot) short

wavelength (five to ten foot) synclines and anticlines that

parallel the axis of the Hans Peterson Flats syncline.

Mast of these small scale synclines and anticlines are

covered by Quaternary alluvium, but some are exposed in the

SW, NW, section 27, T. 9 S., R. 11 W. (Fig. 66).

Superimposed on the western flank of the Iladigan

Gulch anticline from section 27, T. 9 S., R. 11 W.,

southward to section 10, T. 10 S., R. 11 W., are small

amplitude (five to thirty foot) small wavelength (twenty to

fifty foot) anticlines and synclines. The synclinal and

anticlinal axes of these folds trend east-west, perpendic-
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Figure 66. Small scale syncline on the floor of the Hans
Peterson Flats Syncline.

ular to the axis of the ?ladigan Gulch anticline (Fig. 67).

Random disharmonic folding of the beds in the Lodge-

pole and Lombard Formations occurs throughout the thesis

area. This folding is probably a response to movement

along the the thrust faults in the theisis area (Fig. 68).

Faults

There are six different kinds of faults in the thesis

area: thrust, diagonal-slip, hinge, high angle normal, and

numerous small normal and strike-slip faults. The latter

two lie perpendicular to both the major fold axes and to
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Figure 67. Small scale synclines and anticlines on the
western flank of the Madigan Gulch anticline
fold axes perpendicular to fold axis of Madigan
Gulch anticline.

the thrust, diagonal-slip, hinge, and high angle normal

faults.

The thruBt faults form the eastern boundary of the

thesis area (Fig. 69). A single thrust fault trace exists

from the SE, section 4, 1. 9 S., R. 11 W., southward to

the SE, section 26, T. 9 8., R. 11 W. North and south of

this single fault trace the thrust fault splits into two

thrust faults. On the eastern branch of the southern

bifurcation the sense of thrusting reverses for about 500

feet, resulting in Precambrian metasediments lying over

Paleozoic carbonates (Fig. 70). The eastern branch of the
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Figure 68. Disharmonic folding of the Lombard Formation in
the southern part of the thesis area.

two southern thrust faults again splits to form another

thrust fault in the SW, section 36, T. 9 S., R. 11 W.

(Fig. 69). All three of the southern thrust faults are

covered by the Clark Canyon Reservoir at the southern end

of the thesis area. The two northern thrust faults leave

the thesis area in the SW3, section 3, T. 9 S., R. 11 W.

All of the thrust faulting in the thesis area, with

the exception of where the sense of thrusting reversed for

a short distance, has resulted in the thrusting of younger

rocks over older rocks. This thrusting of younger over

older is the result of the thrust faults, which have a

shallower dip than the stratigraphic bedding on the flank

of the Armstead anticline, cutting across the flank of the
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Figure 69. LocationS of faults in the thesis area.
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Figure 70. Underthrusting of Paleozoic carbonates under
Precambrian metasediments.

Armstead anticline (see cross-section).

A right lateral, west side up, diagonal-slip fault

traverBes the thesis area from the southern border W3,

section 11, 1. 10 S., R. 11 W. northward to the NE,

section 9, T. 9 8., R. 11 W., where the fault dies out

(Fig. 69). In the SW, section 2, T. 10 5., R. 11 W. there

are four short right lateral strike-slip faults which are

concomitants to movement along the diagonal-slip fault

(Fig. 71).

Two hinge faults occur in the E%, section 16, T. 9 8.,

R. 11 W. (Fig. 69). The hinge faults are terminated on the

south by a high angle normal fault, and die out to the

north in the 8%, section 9, T. 9 S., R. 11 W.
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Figure 71. Four short right lateral strike-slip faults
which offset the Permian strata.

A high angle, east side up, normal fault system is

present in the thesis area from the SW, section 5, T. 9

S., R. 11 W. to the N of sections 27 and 28, T. 9 S., R.

11 W. (Fig. 69). In the SW, section 16, T. 9 S., R. 11

W. the main fault trace, which makes up the central part

of the system, bifurcates southward. Both of these

branches continue southward with the western branch dying

out in the area of the juncture of sections 21 and 25, 1. 9

S., R. 11 W., and the eastern branch dying out in the SW,

section 27, T. 9 S., R. 11 W. The main fault trace also

bifurcates northward in the SEX, section 8, T. 9 S., R. 11

W. just before the fault system is covered by the Beaver-

head Formation.
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Numerous small normal and strike-slip faults associat-

ed with synclinal and anticlinal folding occur in sections

20, 21, and 33 T. 9 S., R. 11 W. and sections 2 and 3,

T. 10 S., R. 11 W. (see map).

Structural History

The first major tectonic activity in the thesis area

was thrust faulting along the Tendoy thrust during the

Sevier orogeny; this occurred sometime between the Late

Cretaceous and early Paleocene (Ruppel et al., 1981).

Resistance to movement along the thrust plane near the

leading edge of the thrust resulted in buckling of the

thrust plate just behind the leading edge, producing the

Armatead anticline. The deformation of the Armatead

anticline was so severe that it resulted in a tightly

folded overturned anticline with a highly fractured

core; this gave rise to a zone of weakness up through the

core of the anticline. Subsequent movement along the

Tendoy thrust resulted in new thrust faults splaying off

the main thrust fault. Utilizing the zone of weakness

through the Armatead anticline core, the new thrust faults

breached the surface in the center of the Armstead anticl-

me. These later thrust faults are the faults that form

the eastern boundary of the thesis area.

The thrust faults that border the eastern edge of the

thesis area undercut the thesis area at a much shallower
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depth than the Tendoy thrust. Resistance to movement along

these shallower thrust faults resulted in the buckling of

the overlying strata, producing the Cedar Creek syncline,

Madigan Gulch anticline, and Hans Peterson Flats syncline.

The small scale synclines and anticlines superimposed

on the floor of the Hans Peterson Flats syncline are

disharmonic folds that developed in response to the

requirement that a constant bedding length for all beds

involved in the synclinal deformation be maintained (Ragan,

1973) - some flank thinning and axial accumulation also

occurred. Maintaining a constant bedding length for all

beds involved in synclinal deformation requires that the

inner beds of the syncline, which will be more tightly

folded than the outer beds, buckle disharmonically during

deformation. The axes of the disharmonic folds are

parallel to the axis of the syncline in this case the

Hans Peterson Flats syncline.

The deformation which produced the arcuate shape of

the Madigan Gulch anticline (see map) in the southern half

of the thesis area produced disharmonic folds on the

western flank of the anticline. In this case the fold axis

was perpendicular to the Madigan Gulch anticlinal axis and

as a result the axes of folding of the disharmonic folds on

the inner beds of the fold (the western flank of the

Madigan Gulch anticline) are perpendicular to the anticline

axis.

The hinge faults in section 16, T. 9 8., R. 11. W. are
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contemporaneous with thrusting, and are the result of

fracturing caused by locally high compressiona]. forces

possibly caused by local lockup of the underlying thrust

plane during thrusting.

The high angle normal fault that occurs in sections 8,

16, and 21, 1. 9 S., R. 11 W., formed after cessation of

thrusting in the region. Faulting along the normal fault

possibly occurred during the period of Basin and Range

faulting in southeastern Idaho and southwestern Montana.

During the Miocene, Basin and Range faulting produced most

of the northwest-trending mountain ranges in this region

(Reynolds, 1979).

The diagonal-slip fault found in the thesis area has

the same northerly trend as other widely distributed

strike-slip faults of the region (Ruppel, 1982). This

would tend to indicate that the diagonal-slip and strike-

slip faults are genetically related, even though no

satisfactory explanation for the formation of the strike-

slip faults has been found (Ruppel, 1982). There is no

evidence in the thesis area that would indicate a mechanism

of formation for the diagonal-slip fault. The fault

appears to be post-thrusting (Late Cretaceous early

Paleocene (Ruppel, 1982)) because it displaces part of the

Cedar Creek syncline. The fault presumably is pre-Oligocene

in age because a Oligiocene basaltic dike has intruded the

fault zone.
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GEOLOGIC HISTORY

The geologic setting in the western United States at

the beginning of the Cambrian was one of eastward trans-

gression of the sea onto the craton. The advance of the

Cambrian sea has been postulated as the result of two

factors: the beginning of the Sauk transgressive-regres-

sive sequence (Steam et al., 1979), and the subsidence of

the western edge of the North American craton a result of

presumed thermal contraction of the crust as it cooled

following a rifting event that occurred about 600 million

years ago (Stewart and Suczek, 1977; Armin and Mayer,

1983).

The initial rifting event is supposed to have produced

a thermal bulge in the craton which, after the two sections

of the cratonic crust had rifted apart, resulted in a

topographic high along the western edge of the North

American craton (Stewart and Suczek, 1977). Prior to the

rifting event the craton had been subaerially exposed for

several hundred million years, and extensive weathering had

produced a low relief shield with a thick sheet of sandy

soil (Steam, 1979). As the sea traversed the remnants of

the thermal bulge, the sandy regolith cover was readily

eroded supplying the clastic sediments that produced the

basal clastic deposits of the Cambrian (Stewart and Suczek,

1977).

The basal deposit of the Sauk transgression in the
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thesis area is the Middle Cambrian Flathead Sandstone. The

Flathead is a well-rounded, well-sorted, monomineralic

sandstone sheet which was deposited as the encroaching seas

traversed the region. Tankard and Hobday (1977) and Bell

and Middleton (1978) have described the Flathead deposi-

tional environment as being a high energy, low tidal range

sand flat to shallow sub-tidal shoreline setting. This

type of depositionsi. environment resulted in extensive

reworking of the sediments and the destruction of all but

the must stable mineral grains, leaving behind a classic

tranagressive sandstone. The presence of lenses of quartz

pebble conglomerates in the thesis area and other areas of

southwestern Montana (Diess, 1936), indicates that during

deposition of the Flathead there were numerous small

fluvial and tidal channels migrating back and forth across

the Flathead sand flats.

As the Sauk transgression progressed eastward and the

edge of the North American craton continued to cool and

subside, the sediment sources moved progressively eastward

with the transgression. BecauBe of gradually increasing

distances between sediment supply and deposition sites in

southwestern Montana, the sedimentation in southwestern

Montana and the thesis area gradually shifted from sand to

silt and clay (Stewart and Suczek, 1977). This change is

reflected throughout southwestern Montana by the gradual

shift in deposition during the Middle Cambrian from

Flathead Sandstone to Wolsey Shale.
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By the end of Wolsey Shale deposition, sediment input

into southwestern Montana was minimal. Sedimentation

gradually shifted from silts and clays to carbonates, a

result of sediment sources now being too distal to supply

detritus to southwestern Montana (Stewart and Suczek,

1977). The gradual shifting of depositional environments

is reflected in the Wolsey Shale of the thesis area by the

change in lithology of the beds of the Wolsey with higher

stratigraphic position from shale with interbeds of

sandstone and sij.tstone at the base, to shale with minor

interbeds of siltatone in the middle, and to carbonates

with no clastic interbeds at the top.

On a regional basis In southwestern Montana, deposi-

tion through the rest of the Cambrian resulted in the

Meagher Limestone, the Park Shale, and the Pilgrim Dolo-

mite. There was a minor regression during the Late

Cambrian which shifted the sedimentation back to shale for

a short interval resulting in the deposition of the Park

Shale (Stewart and Suczek, 1977). Upwarping of the Lemhi

arch in east-central Idaho (Ruppel, 1978; Stewart and

Suczek, 1977) at the end of Wolsey deposition, produced an

emergent area to the west of the thesis area during the

Middle Cambrian. This emergent area supplied the small

amounts of clastic sediment found in the dolomite of the

upper part of the Wolsey Shale in the thesis area.

As deposition of carbonates and shales continued in

southwestern Montana, continued upwarping of the Lemhi arch
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finally resulted in emergence and erosion of the thesis

area, producing an irregular erosional surface on the top

of the Wolsey. The thesis area remained an emergent area

while the Meagher Limestone and Park Shale were deposited

in the rest of southwestern Montana.

Downwarping of the Lemhi arch during the Late Cambrian

resulted in submergence of the thesis area and the resump-

tion of sedimentation. After resubmergence, carbonate

deposition recommenced on a shallow high energy shelf.

Conditions on the shelf were conducive to oolite formation

and resulted in deposition of oolitic Pilgrim Dolomite

throughout southwestern Montana. Deposition of the Pilgrim

continued until the beginning of the Ordovician at which

time the sea withdrew from southwestern Montana (Steam et

a).., 1979).

The Sauk transgreasive-regressive sequence came to an

end during the Early Ordovician and the sea withdrew from

western North America. This was followed by the craton

remaining emergent for millions of years (Steam et al.,

1979). The Sauk regression was followed by the Tippecanoe

tranagressive-regreasive sequence which began during the

Middle Ordovician (Ross, 1977; Steam et al., 1979). The

Basin and Range region, during the Devonian, underwent four

cycles of subsidence followed by seaward progradation of

shelf carbonates and sands to restore shallow shelf

conditions (Ross, 1977). TheBe repeated cycles of subsid-

ence produced a thick sequence of Ordovician rocks in the
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Basin and Range. There also was a thick sequence deposited

in the Williston basin contemporaneous with that of the

Basin and Range, but in southwestern Montana rocks of

Ordovician age are missing (Peterson, 1981). The lack of

Ordovician rocks in southwestern Montana may be the result

of nondeposition or subsequent erosion at the end of the

Tippecanoe regression.

The Tippecanoe transgression continued during the

Silurian and most of western North America was inundated by

the eastward transgressing sea (Poole et al., 1977). The

sea did not withdraw from the craton until the Early

Devonian, at which time a thin layer of sediment had been

deposited on the western edge of the craton (Poole et al.,

1977). The lack of Silurian and Early Devonian rocks in

the thesis area and the remainder of southwestern Montana

is the result of extensive erosion after the Tippecanoe

regresBion (Poole et al., 1977; Peterson, 1977).

The cratonic platform in the Rocky Mountain region

formed a low emergent landmass during the Devonian, which,

when the Kaskaskia tranegressive-regressive sequence began

in the late Early Devonian (Steam et al., 1979), underwent

marine inundation of narrow estuaries in northern Utah,

eastern Idaho, western Wyoming, and wetemn Montana

(Johnson and Sandberg, 1977). Superimposed upon the

Kaskaskia sequence were numerous smaller transgressions and

either regressions or standetills which, during tranegres-

sive periods, produced distinctive lithologic packages
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which were eroded during the regressions.

Two minor transgressions deposited sediments in

southwestern Montana during the Early and Middle Devonian

(Johnson and Sandberg, 1977). The first small transgres-

sion of the Kaskaskia transgression inundated southwestern

Montana during the late Early Devonian and resulted in the

Beartooth Butte Formation. The Beartooth Butte Formation

is represented in Montana by channel- and sinkhole-fil-

lings, which are the result of inundation of a karat

topography and later removal of most of the formation by

Middle Devonian erosion (Johnson and Sandberg, 1977). No

remnants of the Beartooth Butte Formation were found

in the thesis area.

The second minor transgression occurred in response to

the beginning of the Antler orogeny; this transgression has

been named the Taghanic onlap by Johnson (1970). During

the Taghanic onlap the seas transgressed westward and

southward from the Williston basin and eastward from the

shelf onto the intervening cratonic platform, depositing

the Maywood Formation in sinkholes, crevices, and valleys

on top of the Beartooth Butte Formation (Johnson and

Sandberg, 1977). As the transgression progressed, deposi-

tion of the Jefferson Dolomite in a shallow, subtida].

environment commenced and continued throughout the trana-

gressive phase and into a minor regreBsive phase (Sandberg

and Poole, 1977>.

The end of this regression was marked by the develop-
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ment of a hypersaline environment which resulted in the

deposition of the Potlatch Anhydrite in northwestern

Montana, and the evaporitic Logan Gulch Member of the Three

Forks Formation in southwestern Montana (Sandberg and

Poole, 1977). After the seas had withdrawn during the Late

Devonian, the newly deposited units were deeply eroded and

locally stripped from many uplifts (Sandberg and Poole,

1977).

The development of the hypersaline environment during

the Late Devonian was probably the cause of dolomitization

of the Jefferson Dolomite in the thesis area. Peterson

(1981) has stated that:

The regional distribution of evaporite beds and
related solution breccias in the Jefferson and Three
Forks Formations suggests that evaporitic conditions
occurred in a back-bank environment immediately east
of the north-south trending belt of carbonate bank
facies buildup in westernmost Montana. This paleogeo-
graphic relationship may have resulted in the estab-
lishment of a westward hydrodyrtamic gradient that
enabled high magnesium waters of the shelf environment
to move westward during low sea level evaporitic
stages of the cycles, resulting in early dolomitiz-
ation of the thick carbonate fades by the seepage-
ref lux process.

After a period of erosion, western Montana was again

inundated by the sea, resulting in the deposition of the

Trident Member of the Three Forks Formation in a long,

narrow, shallow seaway situated along the former continent-

al shelf-cratonic platform boundary. As the transgression

continued during the late Late Devonian, in response to a

pulse of the Antler orogeny, the Sappington Member of the

Three Forks Formation was deposited (Sandberg and Poole,
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1977).

The upper part of the Jefferson Dolomite and all of

the Three Forks Formation are missing in the thesis area.

The absence of these units is not the result of nondeposi-

tion, but is the result of suppression of these beds by

thrusting during the Sevier orogeny at the end of the

Cretaceous. The Logan Gulch and Sappington Members of the

Three Forks Formation have been found on the eastern flank

of the Armatead anticline (Hildreth, 1980; Goodhue, 1986).

The transgression that deposited the Three Forks

Formation in southwestern Montana came to an end during the

late Late Devonian as highlands developed in the region

during the Antler orogeny (Gutschick et al., 1980).

Following the retreat of the sea, southwestern Montana

underwent a period of erosion which resulted in the

development of the disconformity between the Three Forks

and Lodgepole Formations found on the eastern flank

of the Armetead anticline (Hildreth, 1980; Goodhue, 1986).

The next major tranegresaive-regressive sequence was

the Kaskaskia which began during the middle Kinderhookian

(early Early Mississippian). The Kaskaskia transgressive

phase led to the establishment of a carbonate platform in

southwestern Montana (Sandberg et al., 1982; Gutschick et

al., 1980) and deposition of the Paine Member of the

Lodgepole Formation.

The edge of the continental shelf shifted eastward to
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the Yellowstone Park region at the end of the Kinderhook-

ian, and the depositional environment shifted from a

carbonate platform to that of a clinoform ramp gently

dipping (<0010') to the west (Sandberg et al., 1982;

Gutachick et al., 1980). Fluctuations in sea level across

this ramp, caused by epeirogeny (Antler orogeny activity)

and/or minor transgressive-regressive cycles superim-

posed on the Kaskaskia transgression, deposited the cyclic

packages of thin-bedded, fine-grained, nonresistant

limestone capped with thickly bedded, coarser grained,

bioclastic and oolitic limestone found in the Woodhurst

Member of the Lodgepole Formation in southwestern Montana.

The culmination of the Kaskaskia transgression and the

deposition of large thicknesses of biomicrite (Mission

Canyon Formation) during the early Osagean (middle Early

Mississippian), led to the migration of the shelf edge

westward back to the Montana-Idaho border region (Sandberg

et al., 1982; Gutschick et al., 1980). After deposition of

most of the Mission Canyon Formation and the reestablish-

ment of a carbonate platform in southwestern Montana, the

regressive phase of the Kaskaskia sequence began. As the

seas withdrew at the beginning of the Meramecian (early

Late Mississippian), the result of regression (Sandberg et

al., 1982; Gutachick et al., 1980) by. possible epeirogenic

uplift (Sando, 1976), shoaling restricted water circulation

on the shelf, resulting in development of hypersaline

seas and dolomitization of the upper Mission Canyon
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carbonate beds (Andrichuk, 1955). Gypsum and anhydrite

started to precipitate as hypersalinity increased, deposit-

ing the evaporite beds of the Bull Ridge Member of the

Mission Canyon Formation (Andrichuk, 1955; Niddleton,

1961). Subaerial exposure of these evaporite beds during

later erosional events led to the development of the

solution breccia found in the thesis area and other areas

of southwestern Montana.

The seas had completely withdrawn from the carbonate

platform by the end of the early Meramecian and a broad

karat plain had developed over southwestern Montana

(Sandberg et al., 1982; Gutachick et al., 1980). Subsiden-

ce of the Cordilleran miogeosyncline at this time resulted

in the beginning of a mini transgressive-regressive cycle

(Sando, 1976). The transgression led to the reestab-

lishment of a carbonate depositional environment in

southwestern Montana and deposition of the biosparites,

biomicrites, and micrites of the Lombard Formation. The

variable lithologic package of the Lombard Formation is the

result of fluctuating energy regimes probably caused by

small eustatic changes in sea level.

The energy regime of the platform had become more

stable by late Chesterian (late Late Mississippian), and

deposition of the biomcrites that make up most of the

Conover Ranch Formation had commenced. The Kaskaskia

sequence terminated by the end of the Chesterian, and the

seas had almost completely withdrawn from southwestern
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Montana. The shallow and restricted nature of the sea at

this time probably resulted in the dolomitization of the

upper beds of the Conover Ranch in the thesis area. Also,

at this time epeirogenic uplift of the Canadian Shield

(Steam et al., 1979) resulted in emergent areas that

provided slowly increasing amounts of clastic sediment to

the upper beds of the Conover Ranch.

The clastic sediment supply continued to increase

through the Morrowan and Atokan (Early Pennsylvanian) until

sandy limestone (Conover Ranch) deposition gradually

ceased. This way followed by deposition of the Quadrant

Sandstone during the late Atokan and early Desmoinesian

(Maughan, 1975). The Quadrant Sandstone marks the end of

the Kaskaskia and the beginning of the Absaroka tranagres-

sive-regressive sequence. The sediment source for the

Quadrant was possibly the erosion of the Middle Ordovic-

ian Chazy Sandstone of Idaho, northern Washington, British

Columbia, and Alberta, which was a region of epeirogenic

uplift during the Pennsylvanian (Maughan, 1975).

The sand supply to the Quadrant Formation gradually

decreased at the end of the Pennsylvanian as a result of

eustatic increase in sea level and decrease in relief of

the source area caused by erosion. This resulted in a

gradual shift to carbonate-cemented sandstone in the upper

part of the Quadrant. Deposition of sand gradually ceased

in southwestern Montana during the Early Permian, and

deposition shifted to the carbonates of the Park City
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Formation.

The depositional setting during the Permian was one of

continually shifting environments, resulting in widely

varying lithologic units which exhibit complicated inter-

tonguing relationships (McKelvey et al., 1956). Within

southwestern Montana three fundamental units have been

recognized: the Park City Formation, mainly carbonate

rocks with minor sandstones; the Phosphoria Formation,

consisting of phosphatic, carbonaceous, and cherty rocks;

and the Shedhorn Formation, dominated by very fine-grained

sandstone (McKelvey et al., 1956).

Three minor tranegressive-regressive cycles (caused by

eustatic end/or epeirogenic changes) occurred during

deposition of the Permian System in the thesis area. The

first two cycles are marked by phosphorite beds - the Meade

Peek and Retort Phosphatic Shale Members of the Phosphoria

Formation (phosphorite bed formation requires a regression

in order to concentrate the phosphatic sediments (Baturin,

1982)). The third regression is marked by a discontinuity

between the Shedhorn and Dinwoody Formations. Between each

cycle there existed an open ocean upwei.ling zone in the

region which was conducive to planktonic proliferation.

The plentiful plankton resulted In a continuous rain of

siliceous and phoaphatic skeletal debris which provided a

supply of phosphatic particles for concentration by wave

action during the next regreBsive phase (Baturin, 1982).

The large amount of dolomite present in the Permian
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sediments in the thesis area was probably the result of

seepage-ref lux dolomitization of existing limestone beds

during periods of regression (Adams and Rhodes, 1960;

Peterson, 1980). At the time of deposition of the Permian

sediments there was a carbonate skeletal mound facies

developing to the west (Peterson, 1980), which could, at

times, have restricted open ocean circulation into the

thesis area and, as a result, an environment favorable

for seepage-reflux dolomitization could have developed.

The third regression marked by the Permian sediments

in the thesis area occurred during the Late Permian and was

more extensive than the first two, resulting in the

complete offlap of the seas and erosion of the upper beds

of the Shedhorn Formation. This regression lasted until

the Early Triassic (Newell and Kummel, 1942), at which time

the seas transgressed back across southwestern Montana and

reestablished a carbonate platform environment. The return

of the seas to the thesis area led to the deposition of the

Dinwoody Formation. During deposition of the Dinwoody

there were fluctuations in the energy of the depositional

environment from high to low and back to high that led

to a change in sedimentation from a biosparite to a silty

unfossiliferous dolomite and back to a biosparite.

Deposition in southwestern Montana came to an end as

the seas withdrew from the thesis area sometime after the

Early Triassic. The withdraw of the seas was probably the

result of local epeirogenic uplift of the thesis area, as
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the Woodside Formation and Thaynes Limestone were deposited

in other parts of southwestern Montana at this time (Boyd

and Maughan, 1973). At the end of the Triassic the sea

withdrew from the rest of southwestern Montana and the

region underwent a period of extensive erosion lasting into

the Middle Jurassic (floritz, 1951). Erosion of the thesis

area produced a highly irregular surface on the top of the

Dinwoody Formation. The Rierdon Formation was deposited on

this irregular surface during the late Middle Jurassic

(Imlay, 1945), in response to the final small transgres-

sive-regressive phase before the end of the Absaroka

transgressive-regressive sequence.

At the time of deposition of the Rierdon Formation in

the thesis area, the environment was one of a shallow high

energy carbonate platform. Production of oolites, abrasion

of fossil fragments, and transportation of glauconite

pellets into the thesis area were characteristic of the

depositional environment.

The Absaroka tranagressive-regressive sequence came

to an end during the Middle Jurassic and southwestern

Montana became a region of extensive erosion. All Jurassic

sediments in the thesis area except those deposited in low

areas on the Dinwoody Formation erosional upper surface

were removed by erosion during this. period, leaving only

two isolated outcrops of the Rierdon Formation.

The erosional interval that followed the Absaroka

regression lasted until the Early Cretaceous, at which time
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deposition began in lacustrine and alluvial systems which

had developed in southwestern Montana in response to uplift

in Idaho (Suttner et al., 1981). Deposition of the

nonmarine Kootenai. Formation in the thesis area occurred

during the Early Cretaceous, with sediments being derived

from erosion of sedimentary rock highlands to the west -

possibly produced by the initial thrusting pulse of the

Sevier orogeny (Suttner et al., 1981). As relief in the

western highlands decreased, the sediment size decreased

from pebble- to sand-size and the depositional environment

shifted from a alluvial to a coastal plain (fresh to

brackish) setting (Suttner et al., 1981). The shift in

depositional environments is reflected in southwestern

Montana by changes from pebble conglomerates and sandstones

to sandstones and fresh to brackish water limestone

(Suttner et al., 1981).

The breakup of Pangaea at the end of the Triassic led

to the development of an east-dipping subduction zone off

of the west coast of North America (Steam et al., 1979).

The development of the subduction zone led to plutonism in

Oregon, Washington, and western Idaho, and the earliest

Sevieran events during the Late Jurassic to Early Cretace-

ous (Steam et al., 1979).

The development of a volcanic arc in Oregon, Washing-

ton, and Idaho produced a region of young low density

plutonic rocks with a back-arc basin to the east of the

volcanic arc. The old crystalline cratonic basement rocks
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that floored the back-arc basin were of a higher density

than the young warm plutonic rocks to the west. The

density disparity between the plutonic and cratonic rocks,

the downwarping of the back-arc basin from sediment loading

from the highlands in the volcanic arc, and the presence of

east-west compressional forces across the region caused by

westward plate movement, led to the eventual buckling

of the cratonic crust in the back-arc basin and westward

underthrusting of the old cratonic crystalline rocks under

the volcanic arc (Scholten, 1982). The underthrusting of

the back-arc basin basement under the volcanic arc resulted

in the thrusting of the sedimentary cover in the back-arc

basin eastward (the Sevier orogeny), producing the Over-

thrust Belt (Scholten, 1982; Dickinson, 1977).

The first tectonic activity in the thesis area

involved Sevier-type thin-skinned faulting along the Tendoy

thrust; this occurred sometime during the Late Cretaceous

to early Paleocene (Ruppel et al., 1981). Resistance to

movement along the Tendoy thrust plane near the leading

edge of the thrust resulted in buckling of the thrust

plate, producing the Armatead anticline. The deformation

of the Armstead anticline was so severe that a tightly

folded overturned anticline with a highly fractured core

was produced. The severe folding of the anticlinal core

gave rise to a zone of weakness up through the core that

was later utilized by thrust faults that splayed off of the

Tendoy thrust during subsequent movement along the fault;



192

these minor thrust faults form the eastern border of the

thesis area.

The thrust faults that border the eastern edge of the

thesis area undercut the thesis area at a much shallower

depth than the Tendoy thrust. Resistance to movement along

these shallower thrust faults resulted in the buckling of

the overlying strata, producing the Cedar Creek syncline,

?ladigan Gulch anticline, and Hans Peterson Flats syncline.

During deformation of the Hans Peterson Flats syncline

small scale anticlines and synclines were produced on the

inner beds of the syncline, in response to the requirement

that a constant bedding length for all beds involved in

synclinal deformation be roughly maintained (Ragan,

1973). Some shortening of the inner beds probably occurred

through axial accumulation and flank thinning, but the

majority of shortening occurred by disharmonic folding of

the inner beds. At the time of thrust faulting and

deformation of the Nadigan Gulch anticline by east to west

directed forces, north to south directed secondary forces

possibly associated with thrusting, folded the southern end

of the anticline producing the arcuate shape of the

anticline (see map). The deformation that produced the

arcuate shape of the southern end of the Nadigan Gulch

anticline also produced diaharmonic folds in the rock beds

on the western flank of the Madigan Gulch anticline with

fold axes perpendicular to the anticlinal axis. Bedding

length constraints like those that reBulted in the Byn-
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dines and anticlines on the floor of the Hans Peterson

Flats syncline, also produced the disharmonic folds on the

western flank of the Madigan Gulch anticline.

Locally high compressional forces, possibly caused by

limited lockup of the underlying thrust fault during

thrusting, resulted in the contemporaneous faulting along a

hinge fault system (section 16, T.9 S., R. 11 W.) in the

thrust plate about a quarter of a mile west of the thrust

fault trace on the eastern edge of the thesis area.

Laramide faulting began in southwestern Montana at

about the same time (Late Cretaceous to early Paleocene) as

Sevier thrusting was occurring in southwestern Montana and

Idaho (Ruppel et al., 1981). Laramide deformation progres-

sed eastward into central Montana and Wyoming during the

early Tertiary and ended during the early Eocene (Schmidt

and Garihan, 1983). Unlike the Sevier orogeny with only

one structural style (thin-skinned thrusting generally

dipping westward) the Laramide consisted of two structural

styles (northwest-trending left reverse faults that dip

steeply to the northeast, and north-trending thrusts that

dip 20_400 to the west) (Schmidt and Garihan, 1983). The

thesis area appears to have remained stable during the

Laramide orogeny as no evidence for Laramide related

structures was found.

A northerly trending diagonal-slip fault developed

along the eastern edge of the thesis area sometime between

the end of the Sevier orogeny (Late Cretaceous) (the fault
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of fseta Sevier thrust produced structures) and the Oligo-

cene (the fault is intruded by a basaltic dike of probable

Oligocene age). This fault has the same trend as other

widely distributed strike-slip faults in southwestern

Montana (Ruppel, 1982). This would tend to indicate that

the diagonal-slip and strike-slip faults are genetically

related. At this time no satisfactory explanation for the

formation of these faults has been found (Ruppel, 1982).

An olivine-augite basalt dike intruded the thesis area

along the diagonal-slip fault in section 2, T. 10 S., R. 11

W. during the Oligocene; the age is based on age-dated

basalta of similar composition occurring in southwestern

Montana. The intrusion of this dike occurred during a

period when volcanism in southwestern Montana was dominated

by a basalt-rhyolite assemblage; this type of volcanism is

characteristic of extensional tectonism (Chadwick, 1978).

Chadwick (1981) has stated that this volcanic assemblage

resulted from the creation of zones of weakness in the

earth's crust caused by extensional tectonism during the

late Eocene to early Oligocene. The extensional tectonism

manifested itself in southwestern Montana in the form of

block-faulted mountains and basins. This type of tectonic

regime may have been the result of subduction of the

Pacific-Farallon spreading ridge under the North American

plate (Chadwick, 1981).

A hydrothermal system apparently developed and

deposited a jasperoid in sec. 2, T. 10 S., R. 11 W. of the
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thesis area during the Oligocene contemporaneous with the

intrusion and cooling of the basalt dike. The Oligocene

age for the jasperoid is based on the assumption that the

basalt dike acted as the heat source for the hydrothermal

system that deposited the jasperoid.

Basin and Range faulting in southwestern Montana

appears to have commenced at about the time of intrusion of

the basalt dike in the thesis area, with faulting culmin-

ating during the middle Miocene (Reynolds, 1979). During

this interval a topography developed that is characterized

by curvilinear to linear mountain ranges rising from 1,000

to nearly 6,000 feet above the floors of adjacent basins,

with most of the ranges bounded by steep fault-line scarps

(Reynolds, 1979). The ranges are bounded by normal faults

that are presumed to shallow with depth, and are the result

of extension in the region (Wright and Troxel, 1972).

The latest geologic processes to have occurred in the

thesis area were the deposition of a late Tertiary alluvial

apron in Hans Peterson Flats and the breached core of the

Armstead anticline, and the subsequent erosion of the apron

leaving behind two erosional remnant hills in Hans Peterson

Flats and a flat-topped ridge across the core of the

Armstead anticline. The source of the Tertiary sediments

was mostly likely the erosIon of the Beaverhead Conglomer-

ate to the west of the thesis area. The Beaverhead

contains all of the clastic constituents found in the

Tertiary sediments, and was intensely folded and faulted
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during the Sevier orogeny, producing a high relief,

readily eroded source area. The actual deposition of these

sediments probably started during the Early Tertiary soon

after Beaverhead deformation, and continued throughout moat

of the Tertiary.

Since deposition of the Tertiary sediments, the thesis

area has been a tectonically quiet area of positive relief

undergoing erosion. There has been some modern faulting in

the southwestern Montana region (most notably in Challis,

Idaho), but no evidence of recent faulting is present in

the thesis area.
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